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Abstract 
Rhizobia are soil-borne bacteria that form nodules with legume roots and convert 
di-nitrogen (N2) into ammonia (NH3) for use by legume plants. Legume plants are 
often a major part of native or agricultural ecosystems, which increases nitrogen in 
low fertility soils, e.g. saline soils. With the increase of salinity in Australia, salt 
tolerance of rhizobia in salinised and nitrogen-deficient soils is crucial to legume 
plants. The major targets of this thesis were to acquire salt-tolerant rhizobia with high 
symbiotic effectiveness and competitiveness, and to investigate genes involved in salt 
tolerance of lucerne rhizobia.  
To obtaine the salt-tolerant lucerne rhizobia, trapping and nodule isolation methods 
were used to collect salt-tolerant rhizobia from soils. The most probable number 
(MPN) method for trapping rhizobia from soils showed relatively low populations of 
rhizobia (less than 100 g-1 soil). Ten salt-tolerant rhizobia (up to 3% NaCl) were 
inoculated on lucerne SARDI 7 to test their symbiotic effectiveness. The symbiotic 
effectiveness and nodulation of several strains were as great as the commercial strain 
RR1128 even when growing at 1-2 % NaCl. Strain NN2-1 from neutral soil produced 
the greatest symbiotic effectiveness over a range of NaCl concentrations even when 
compared with commercial strain RR1128.  
The approach of Wilson et al. (1999) (the insertion of the GUS gene into selected 
rhizobia isolates) was applied to assess the competitiveness of strains NN2-1 and 
RR1128 on lucerne in a series of NaCl concentration. The insertion of this gene in 
both NN2-1 and RR1128 resulted in occupation of only 40% of nodules by the strain 
with the gusA gene over all NaCl concentrations. Despite this, nodule occupancy by 
the strain NN2-1+gusA was still 60% greater than that of the commercial inoculant 
RR1128 at all NaCl concentrations, suggesting that NN2-1 was more competitive than 
RR1128. All strains were equally symbiotically effective as judged by plant dry 
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weights, nodule numbers and plant nitrogen content. Therefore, the salt-tolerant strain 
NN2-1 was more competitive than and as effective as the commercial inoculant 
RR1128.  
  The genes involved in salt tolerance were investigated using randomly amplified 
polymorphic DNA (RAPD) profiles with random primers to differentiate the DNA 
patterns between salt-tolerant and non-salt-tolerant rhizobia. The RAPD profiles 
showed different, similar or even the same RAPD patterns for both types of rhizobial 
strains. No markers for salt tolerance were found in RAPD profiles. Genes related to 
salt tolerance were present in the genomic DNA of both types of rhizobia.  
An RNA expression-based strategy was devised to further investigate salt tolerance 
genes. Degenerate primers were designed based on regions of the salt tolerance genes 
(bet and ndv genes) from Sinorhizobium meliloti, Rhizobium leguminosarum and R. 
etli. PCR results showed several bands and a 500 bp amplicon in strains NN2-1 and 
DS2, and a 450 bp amplicon in RR1128 were identified in salt-tolerant but not in 
non-salt-tolerant rhizobial strains. These DNA fragments were matched in Genbank as 
the following sequences. In strains NN2-1 and DS2 the 500 bp amplicons were 73% 
and 77% similar to a transposase IS116/110/902 family protein of S. medicae 
WSM419 respectively. The 450 bp amplicon from strain RR1128 showed 95% 
identity to a putative ATP-dependent helicase from S. meliloti 1021.  
Specific primers were designed to amplify these DNA regions more precisely on 
the basis of these sequences from Genbank and the sequences obtained from these 
strains. Two amplicons were identified in salt-tolerant but not in non-salt-tolerant 
rhizobia. Genomic DNA amplified products of 900 bp in NN2-1 and DS2, and of 450 
bp in RR1128. The 900 bp amplicons showed high similarities (of 99% and 98%) to 
transposase sequences of the IS116/110/902 family protein of S. medicae WSM419 
for strains NN2-1 and DS2 respectively. The 450 bp amplicon from strain RR1128 
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had 93% similarity to a permease sequence from R. etli. Similar results were also 
found with extracted RNA. Blastn results showed 99%, 99% and 98% identity to a 
transposase of S. medicae WSM419 in the cDNAs of strains NN2-1, DS2 and DN4-2 
respectively at 3% NaCl, and a 93% identity to a permease sequence was blasted in 
Genbank for strain RR1128.  
Quantitative PCR (qPCR) was used as a quantification method for expression of 
both sequences in strains NN2-1, RR1128 and DS2 grown with or without 3% NaCl. 
The transposase sequences in strains NN2-1 and RR1128 were up-regulated by 
factors of 6.45 and 3.73 respectively in 3% NaCl, but not in strain DS2. This 
demonstrated a possible role of transposase sequences in salinity tolerance. The 
permease sequences were expressed equally in all tested strains with and without 
NaCl.  
The DNA sequences of the transposase and permease fragments from strains 
NN2-1 and RR1128 were further amplified and cloned into Escherichia coli, and the 
E. coli transconjugants with one or both genes were mated with non-salt-tolerant 
rhizobia to transfer one or both of these sequences into these strains. There was no 
difference in growth between cloned and control E. coli strains up to 5% NaCl, 
whereas the non-salt-tolerant recipients of rhizobia with plasmids containing either 
one or both sequences increased their salt tolerance up to 3% NaCl, suggesting that 
these small sequences were important in salt tolerance in rhizobia. 
 
Keywords: Rhizobia, salt tolerance genes 
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Chapter 1 Introduction 
1.1 Rationale, scope and aims of this research 
Legumes comprise one of the largest economically useful families of plants and 
provide large amounts of proteins for humans and animals, due to their ability to fix 
N2 from the air into plant proteins in symbiosis with soil bacteria (rhizobia) in root 
nodules. However, extensive areas of crop and pasture species are not salt-tolerant 
and are injured by accumulated salt concentrations in Australia. Salinity limits legume 
productivity by ionic and osmotic effects that (1) decrease the survival of rhizobia, (2) 
severely restrict the infection, nitrogen fixation and symbiosis between rhizobia and 
host legumes, and (3) eventually diminish plant growth, photosynthesis and nitrogen 
and protein content (Udovenko et al., 1970, Singleton et al., 1982, Cordovilla et al., 
1996). Nitrogen, which is limited in saline soils, is a major element for the growth of 
legume plants and is required for protein synthesis (Allen and Allen 1981). Therefore, 
having salt-tolerant rhizobia is an important factor in nodulation, survival and 
productivity under saline conditions for legume plants. 
Both the effectiveness and competitiveness of rhizobia vary with soil and salinity. 
Rhizobia that exist naturally in soils are genetically diverse and dissimilar from the 
strains that have been used in commercial inoculation (Ballard et al., 2004). Moreover, 
natural populations of indigenous rhizobia should be more effective and competitive 
because they are well adapted to the environments (Mrabet et al., 2005). With the 
increase in soil salinity in Australia, the salt tolerance of rhizobia in saline and 
nitrogen-deficient soils is crucial to legume plants, and salt tolerance is one of the key 
functions for rhizobial survival in saline conditions.  
As salinity problems rise, the major targets of this thesis were to acquire 
salt-tolerant rhizobia with high symbiotic effectiveness and competitiveness for 
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lucerne, and to investigate genes involved in their salt tolerance. 
The principal aims of this research were to:  
1. Isolate and identify salt-tolerant rhizobia from salinised soil and assess their 
symbiotic effectiveness (Chapter 2). 
2. Test the competitiveness of effective salt-tolerant strains against the current 
commercial inoculum RR1128 (Chapter 3). 
3. Find and characterize genes involved in salt tolerance, clone and express them in 
salt-sensitive recipients and quantify their differential expression in different levels 
of salinity (Chapters 4, 5 and 6). 
1.2 Salinity in Australia 
  Many agricultural lands and much of the landscape in Australia contain large 
amount of salts (Marcar and Crowford 2004). Generally these salts were situated 
deeply within the soil profiles, in which they did not affect plant growth. However, 
through mobilisation of soluble salts by rainfall or water penetrating from land 
surfaces, evaporation of water, and uptake of water by the root systems of vegetation, 
these accumulated salts are brought into the upper levels of soils. The degree of 
salinity varies and is classified and measured as shown in Tables 1-1 and 1-2, which 
also shows the conversion between the various units used. 
1.3 Dryland salinity 
Under the surface of the landscape, the soil is saturated with water that is held 
within the soil profile; consequently, the top surface of the ground water layer is 
called the water table. In dryland salinity, the salts are brought to the upper levels of 
soils by clearing of deep-rooted vegetation, such as trees and perennial shrubs from 
highlands and plains for agricultural purposes.  
Williamson (1990) estimated that about 29 million ha (one third of Australia) is 
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affected by naturally-occurring salinity, including both arid and semi-arid regions with 
saline soils, and the estimated area of land affected by dryland salinity was predicted 
to rise from the current 1.2 million hectares to 15 million hectares (Walker et al., 1999) 
(Table 1-3). Dryland salinity results from traditional farming activities such as grazing 
and cropping when native vegetation is removed to supply pasture and annual crops 
(AGV, 2002). Subsequently, the shallow-rooted pastures that replace native 
vegetation are accompanied by the percolation of much rainfall into soils, recharge to 
groundwater systems and mixing of fresh and salty water (AGV, 2002). The main 
areas of dryland salinity (Table 1-3) are situated in Western Australia, South Australia, 
Victoria and New South Wales but also potentially in Queensland if rainfall limitation 
and drought restrain the plant growth.  
1.4 Impacts of salinity 
The impacts of salinity on landscapes occur on site, in the catchment or elsewhere 
outside the catchment. These impacts are complex and have serious economic and 
ecological consequences, making high level of inputs and management required 
(NLWRA and NHT 2001). Loss of production and income are two major adverse 
consequences of salinity in the farm. Others include a decline in value of property, 
salinisation of water resources and loss of farm flora and fauna. From the local level 
to broad acres, these effects eventually have impacts on water resources, biodiversity 
and infrastructure (AGV 2001, NLWRA and NHT 2001).  
A consequence of salinity on water resources is the salinisation of fresh water and 
rivers, including drinking and irrigation water. Accumulated salts change the 
environments and habitats of aquatic fauna (AGV 2001). In Australia, extensive areas 
of cereal crops and pasture species are not salt-tolerant and are injured by 
accumulated salt concentrations. Salinity jeopardizes 4.6 million ha of agricultural 
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Table 1-1. Classification of salinities. 
 
Non-saline Slight Moderate  High Extreme 
ECe < 2 dS/m ECe = 2-4 dS/m  ECe = 4-8 dS/m ECe = 8-16 
dS/m 
ECe > 16 dS/m 
 
Table 1-2. Conversion between salinity units. 
 
desiSiemens/m 
(dS/m) 
microSiemens/cm 
(µS/cm) 
milliSiemens/cm 
(mS/cm) 
milliSiemens/m 
(mS/m) 
parts per million 
(ppm) 
1          =  1000         =   1           = 100        = about 640 
 
Table 1-3. Areas of land affected and potentially at risk by dryland salinity in Australia. 
 
State Area of dryland 
salinity 
in 1996 (ha)a 
Area with high 
potential to develop 
dryland salinity 
Area with high 
potential to develop 
dryland salinity 
  1998/2000 (ha)b 2050 (ha)b 
Western Australia  
(WA) 
1,804,000 4,363,000 8,800,000 
South Australia  
(SA) 
402,000 390,000 600,000 
Victoria  
(Vic) 
120,000 670,000 3,110,000 
New South Wales  
(NSW) 
120,000 181,000 5,000,000 
Tasmania 
(Tas) 
20,000 54,000 90,000 
Queensland 
(Qld) 
10,000 NA 3,100,000 
Northern Territory 
(NT) 
minor minor minor 
Total 2,476,000 5,658,000 17,000,000 
(aHayes 1997, bAnon 2000) 
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areas that is most productive in Australia (Table 1-3) (NLWRA and NHT 2001). The 
loss of productive land imposes the utilization of remaining areas and boosts the cost 
of management. Rising concentrations of salts destroy pavement surface such as on 
bridges, roads and properties. These impacts, caused by shallow, saline groundwater, 
are major costs at all levels of government. Public structures like communication 
cables and pipelines are consequently at risk as salinity increases. The decline of 
natural vegetation and change of landscape result in alteration of biodiversity. The 
destruction of natural habitats for animals hastens the migration or extinction of many 
species (NLWRA and NHT 2001).   
1.5 Vegetation for managing dryland salinity 
A combination of revegetation and engineering methods can be applied for 
managing dryland salinity (Brouwer 2001). Plant-based management includes 
increasing perennial pastures, agroforestry, management of remnant native vegetation 
in water recharge areas, replacing shallow-rooted annuals by deep rooted perennials in 
pastures and tree planting in discharge areas, and crop rotation (Marcar and Crowford 
2004). Legumes are often a major part of native ecosystems, which may reflect the 
advantages of symbiotic nitrogen fixation in low fertility soils (Allen and Allen 1981). 
Rhizobial bacteria in soils form nodules with legume plants in roots and convert 
di-nitrogen (N2) into ammonia (NH3) for use by the legume plants. In return the 
legume plants supply the rhizobia with nutrients, especially carbon compounds (Lum 
and Hirsch, 2003).  
1.6 Biological nitrogen fixation (BNF) 
 Nitrogenous fertilizer is the greatest input of external nutrients used to enhance 
crop production in agriculture. Utilization of fertilizer nitrogen has led to significant 
growth in food production in both developed and developing countries; a seven-fold 
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increase in fertilizer nitrogen contributed to a near doubling of cereal production from 
the early 1960s to 1990 (Peoples et al., 1995). With the increasing demand for 
nitrogenous fertilizers, ineffective application, and increasing cost, their production 
and use at current rates will be prohibitive (1 - 200 kg N per ha) (Zahran 1999). Yet 
making nitrogen fertilizer is one of the least efficient processes for providing essential 
nutrients and results in environmental pollution (Bohlool et al., 1992). The 
Haber–Bosch process is the reaction of nitrogen gas and hydrogen gas catalyzed by 
enriched iron or ruthenium that is used industrially to produce ammonia : N2 (g) + 3 
H2 (g) ⇌ 2 NH3 (g)   (∆H = −92.22 kJ·mol−1). This reaction is processed at 15–25 
MPa (150–250 bar) and 300-550°C. Only a 15% conversion is possible. Therefore, 
industrially nitrogen fixation is a very energy-consuming and costly process.  
  Because of this, the application of inorganic nitrogenous fertilizer is not likely to be 
sustainable even if the price is affordable for farmers (Boddey et al., 1997) and it 
contributes to water pollution and eutrophication of lakes and rivers. About 50% of 
nitrogenous fertilizers are lost by decomposition, leaching, and volatilisation (Giller 
and Cadisch 1995). Therefore, the use of inorganic nitrogenous fertilizers leads to 
environmental pollution and much consumption of energy. On the contrary, biological 
nitrogen fixation (BNF), with its renewable and replenishable advantages, is still the 
major supply of nitrogen for crops (Peoples et al., 1995). Inputs of BNF are divided 
into several main sections:  
(1) Symbiotic systems, which include the legume rhizobia and actinorhizal 
associations (e.g. Casuarina/Frankia) and cyanobacterial associations (e.g. 
Azolla/Anabaena, cycads/Nostoc, and lichens). 
(2) Associative symbiosis such as Azosplrillum from sugarcane (Peoples and  
Craswell 1992). 
(3) Free-living microorganisms that fix nitrogen in association with plant roots (e.g. 
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Clostridium and Azotobacter). 
The main symbiotic system that fixes most N2 each year consists of legume plants 
associated with soil bacteria, the rhizobia. Legume plants supply the products of 
photosynthesis to the symbiotic rhizobia in root nodules where rhizobia utilize the 
energy and carbon skeletons from host legumes, and N2 is converted into NH3, then 
into amino acids in the legume plant cytoplasm. Paul (1988) proposed that the relative 
contribution of symbiotic and free-living nitrogen fixation was 70% symbiotic 
systems to 30% non-symbiotic systems. However, the proportions were estimated as 
80% symbiotic systems to 20% non-symbiotic systems in arable agricultural areas 
(Burns and Hardy 1975, Graham and Vance 2000), suggesting that symbiotic nitrogen 
fixation provides the major source of nitrogen in agriculture (Bohlool et al., 1992).  
1.7 Importance of legume plants and rhizobia 
Several species of perennial and annual legumes have been introduced into pasture 
and cropping systems to increase total soil N (Table 1-4). Legume-based pastures can 
greatly enhance inputs of total soil nitrogen (Delgado et al., 1994). About 25 to 100 
kg N ha-1 p.a. is created by clover-based pastures (Simpson et al., 1973). More than 
100 kg N ha-1 p.a. soil N accretion was also reported by Holford (1995) in lucerne 
(Medicago sativa) despite being grazed. The replacement of legume pasture by cereal 
cropping results in a quick decline of soil nitrogen fertility. Therefore, the rotation of 
a legume-based pasture and in a cropping system is essential to maintain nitrogen 
level in pasture legume-based systems, and the introduction of pasture legumes not 
only assists the conservation of soils from erosion but also enhances the nitrogen 
availability for themselves and other crops (Peoples et al., 1995).  
1.8 Salinity effects on legumes and symbiosis with rhizobia 
Symbiosis between legume plants and rhizobia is adversely affected by salinity in 
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Table 1.4 Estimated annual fixation of nitrogen by various legume plants in temperate       
climates.  
 
Legume N fixed kg/ha/year 
Range  Typical 
Lucerne 
White clover 
Subterranean clover 
Faba bean 
Field pea 
Soybean 
Cowpea 
Chickpea 
Peanut 
Lupin 
Annual pasture 
 - nil fertilizer 
 - +P 
 - P and lime 
Perennial pasture 
 - lucerne 
 - lucerne/grass 
50-450 
na 
5-238 
51-267 
30-178 
58-160 
58-116 
na-108 
na 
na 
 
31-78 
21-108 
22-112 
 
103-167 
47-119 
220 
200 
100 
100 
70 
120 
110 
70 
45 
80 
 
na 
na 
na 
 
na 
na 
(Glendinning 2000) 
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several ways. Salinity 
(1) reduces survival of rhizobia in the rhizosphere (Bouhmouch et al., 2005)  
(2) inhibits infection (Cordovilla et al., 1996, 1999) 
(3) reduces root nodule formation and function (Tejera et al., 2004, Bouhmouch et  
al., 2005) 
(4) eventually reduces photosynthesis, nutrient uptake and plant growth (Singleton  
et al., 1982).  
The early process of nodule formation is extremely sensitive to NaCl even at low 
concentrations (26.6 mM NaCl) (Singleton and Bohlool 1984) and nodule dry weight 
in legumes decreased with NaCl concentration (Delgado et al., 1994, Gordon et al., 
1997). Inhibition of photosynthesis in legumes in saline conditions resulted in limited 
transportation of photosynthates down to the nodules, and minimized the nodule size. 
Root and shoot dry weights decreased with salinity even when inoculated with 
rhizobia (Tejera et al., 2004, Bouhmouch et al., 2005). Therefore, legumes are 
inhibited in yield potential in saline conditions (Singleton and Bohlool 1984, Delgado 
et al. 1994, Cordovilla et al. 1996, 1999). Salt stress promoted the accumulation of 
ammonium, nitrate, and free amino acids in legume plants which reduced the 
proportion of ammonium transformed to amino acids (Singleton and Bohlool 1984).  
1.9 Salt tolerance of rhizobia 
Rhizobia show significant variation in salt tolerance (Zahran 1999). Some rhizobia 
are inhibited in growth at 100 mM NaCl (5840 ppm) (Yelton et al., 1983), while 
others are salt-tolerant, ranging from 300 to 700 mM NaCl (Sauvage et al., 1983, 
Mohammad et al., 1991). Elsheikh and Wood (1990) observed that rhizobia isolated 
from soybean and chickpea had salt tolerance to 340 mM NaCl, and fast-growing 
rhizobia had greater salt tolerance than slow-growing rhizobia. Ghittoni and Bueno 
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(1996) showed similar results with slow-growing and fast-growing rhizobia from 
peanut. Rhizobia from Vigna unguiculata were found by Mpepereki et al. (1997) to be 
tolerant of 5.5% NaCl (450 mM NaCl). Rhizobia from woody legumes (Acacia, 
Prosopis, and Leucaena) also showed high salt tolerance, from 500 to 850 mM NaCl 
(Zhang et al., 1991, Zahran et al., 1994).  
1.10 Salt tolerance mechanism in rhizobia 
  With the increase of salinity in Australian agricultural soils, the salt tolerance of 
rhizobia in saline and nitrogen-deficient soils is crucial to themselves and their host 
legumes. The accumulation of low-molecular-weight organic solutes, called 
osmolytes, has been identified as important in saline conditions and maintains an 
osmotic difference between the cell and outer environments (Measures 1975, Yancey 
et al., 1982, Le Rudulier et al., 1984, Boscari et al., 2002). Those osmolytes that are 
accumulate in cells and are non-ionic and highly water-soluble are called compatible 
solutes, while the term “osmoprotectant” refers to inorganic or organic 
molecule/compounds that stimulate the growth of organisms at high osmolarity 
(Kunte 2006). The chemicals and the genes involved in their synthesis are listed in 
Table 1-5 and 1-6.   
1.11 Salt tolerance genes 
1.11.1 Betaine, glycine-betaine and proline-betaine 
The gene bet codes for a proton-motive-force-driven, high-affinity transport system 
for choline and betI acts as a repressor involved in the regulation of bet genes by 
choline (Lamark et al., 1991). Pocard et al., (1997) selected a Tn5 mutant LTS23-1020 
of S.meliloti, that could not oxidize [methyl-14C] choline to [methyl-14C] betaine or 
use choline but could use betaine as a nutrient resource or as an osmoprotectant in 500 
mM NaCl. Growth experiments showed that betS and betABC genes were involved in 
35 
 
producing betaines in S. meliloti at osmotic upshock (Pocard et al., 1997, Boscari et al. 
2002). The hutXWV was also found to be involved in betaine uptake by means of 
degenerate PCR and sequencing based on the glycine-betaine uptake systems from E. 
coli (Boncompagni et al., 2000). 
A genomic DNA clone library of salt-tolerant Sinorhizobium sp. strain BL3 was 
constructed and transformed to the salt-sensitive Rhizobium strain TAL1145 and B. 
japonicum by conjugation, and the transconjugants were selected on medium 
supplemented with 100 mM NaCl (Boscari 2004). Two regions of genes, which 
included an ATPase and an AraC family, were identified as involved in enhancing salt 
tolerance 
in the transconjugants. The second region showed high similarities with enzymes 
involved in glycine-betaine biosynthesis in S. meliloti (Boscari 2004, Payakapong et 
al., 2006).  
In S. meliloti, there is evidence that proline-betaine serves as an osmoprotectant 
(under high osmotic stress) and energy source (under low osmotic stress). The betS 
gene of S. meliloti was transformed into Bradyrhizobium japonicum USDA110, which 
is extremely salt-sensitive and deficient in betaine transport. After transformation, 
glycine-betaine and proline-betaine uptakes were restored. Cells accumulated large 
amounts of uncatabolised glycine-betaine and increased in salt tolerance from 
sensitive (unable to survive at any NaCl concentration) to 80 mM NaCl (Boscari et al., 
2004).  
A novel transport system in S. meliloti mediates proline-betaine uptake at both high 
and low osmotic stresses (Boscari et al., 2002, 2004). The Prb protein, an ABC 
transporter, belongs to the oligopeptide permease (Opp) family. Gene prb expression 
is regulated by salt stress and proline-betaine in a positive and synergistic way and 
both increase Prb transport activity. Furthermore, prb is involved in proline-betaine  
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Table 1.5. Chemicals identified as important in salt tolerance in rhizobia. 
 
Group Chemical entities 
Compatible solutes Trehalose 
 N-acetylglutaminylglutamine amide (NAGGN) 
Glutamate 
Osmoprotectants Betaine 
 Glycine-betaine 
 Proline-betaine 
 Glucans 
 Trehalose 
 Sucrose 
 Ectoine 
 3-dimethylsulfoniopropionate (3-dimethylpropiothetin or DMSP) 
and 2-dimethylsulfonioacetate (2-dimethylthetin or DMSA) 
 Pipecolic acid (PIP) 
Cations Calcium 
 Potassium 
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Table 1.6. Genes involved in salt tolerance in rhizobia. 
 
Rhizobia Chemical entities/genes References 
Sinorhizobium meliloti Betaine (betS/betABCI/ Pocard et al., 1997, Boscari et al., 2002 
 hutWXV)  
Sinorhizobium meliloti 
Bradyrhizobium japonicum 
Rhizobium sp. 
Glycine-betaine (AraC) Boscari et al., 2004, Payakapong et.al., 2006 
Sinorhizobium meliloti Proline-betaine 
(betS/prb) 
Boscari et al., 2004, Alloing et al., 2006 
Sinorhizobium meliloti 
Bradyrhizobium japonicum 
Glucans (ndvABCD) Dyland et al., 1990, Bahgwat et al., 1996, Chen et 
al., 2002 
Sinorhizobium meliloti Sucrose(zwf) Jenson et al., 2002, Barra et al., 2003 
Sinorhizobium meliloti Trehalose(zwf) Jenson et al., 2002, Barra et al., 2003 
Sinorhizobium fredii Cation efflux (phaA2/phaD2 Jiang et al., 2004 
 /phaF2/phaG2)  
Sinorhizobium strain BL3 rpoH2  Tittabutr et al., 2006 
Rhizobium etli rpoE4  Jaime et al., 2009 
Rhizobium tropici ntrY/ntrX 
greA 
alas 
dnaJ  
nifS 
noeJ 
kup 
Nogales et al., 2002 
Sinorhizobium meliloti  
 
omp10  
relA 
greA 
nuoL 
Wei et al., 2004 
 
 
38 
 
uptake by stationary-phase cells under low osmotic stress, and prb and betS are two 
major systems for osmotic protection by proline- betaine under high osmotic stress 
(Alloing et al., 2006). 
1.11.2 Glucan 
S. meliloti accumulates large amount of periplasmic β-(1→2)-glucan required for 
osmoprotection at low osmolarity (Zorreguieta et al., 1990). Mutation of the ndvAB 
genes (encode a 235 kDa protein that catalyzes the synthesis of 
cyclicβ-(1→2)-D-glucan) in S. meliloti prevents accumulation of β-(1→2)-glucan. 
Reduction in cell growth rate under low-osmolarity conditions (18 mosM) was 
observed (Dyland et al., 1990).  
  In B. japonicum, cyclic β-(1,3), (1,6)-glucans confer osmoprotection during growth 
to balance the osmotic stress. Site-directed Tn5 mutagenesis of the DNA region 
upstream of ndvB resulted in identification of a new gene (ndvC) involved in cyclic 
β-(1,3), (1,6)-glucan synthesis and nodule development. The mutant strain was 
slightly sensitive to hypoosmotic growth conditions, suggesting β-glucans may have a 
specific function in hypoosmotic adaptation (Bahgwat et al., 1996). 
  Chen et al. (2002) reported that the ndvD gene (intergenic region flanked between 
ndvB and ndvC genes is also essential (but is not the major gene) for β-glucans 
synthesis and effective nodulation of G. max. Genetic deletion, Tn5 insertion, and 
gene complementation revealed that a mutation in ndvD resulted in hypoosmotic 
sensitivity of mutants in Bradyrhizobium japonicum. However, the glucan synthesis in 
mutants was not controlled by ndvD and this suggests that ndvD modifies or regulates 
the synthesis of glucans through ndvB and/or ndvC in vivo. 
1.11.3 Trehalose and sucrose 
Intracellular accumulation of trehalose was found in S. meliloti 102F34 on 
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malate-casamino acids medium (MCAA) with the addition of 0.5 M NaCl and 0.2 
mM trehalose (Smith et al., 1994). Gouffi et al. (1998) provided evidence that 
micromolar levels of exogenous sucrose (50 to 500 µM) strongly stimulated the 
growth of salt-stressed and mannitol-stressed strains of S. meliloti 102F34 and were as 
effective as glycine-betaine. Genes thuE, -F, -G, and -K encoded a 
trehalose/maltose/sucrose ABC transporter and inactivated the thuE locus, resulting in 
impairment of growth on trehalose and maltose in a S. meliloti strain (Jenson et al., 
2002). Barra et al. (2003) inactivated the zwf gene (encoding glucose 6-phosphate 
dehydrogenase (G6PD) which produces oxygen in response to osmotic stress). This 
resulted in an osmosensitive mutant and disabled osmoprotection by trehalose and 
sucrose but not by ectoine and glycine-betaine at 500 mM NaCl (Barra et al., 2003), 
suggesting the zwf gene was necessary for osmotic response.  
1.11.4 Cation efflux 
Jiang et al. (2004) identified phaA2, phaD2, phaF2 and phaG2 as encoding four 
cation efflux system proteins by construction and screening of a transposon Tn5-1063 
library from Sinorhizobium fredii RT19. The mutant was hypersensitive to Na+/Li+ 
(0.1 mol l-1 NaCl and LiCl respectively) and slightly sensitive to K+ (greater than 
0.5-0.6 mol l-1 KCl). Therefore, phaA2, phaD2, phaF2, and phaG2 may be related to 
salt tolerance in S. fredii RT19.  
 In the same study by Jiang et al. (2004), the gene metH was also indicated as 
important in salt tolerance because the addition of methionine restored the growth of 
metH mutants, which are highly sensitive to any of Na+, Li+, K+ and sucrose. The 
deficiency in the regulation of metE by 5’ tetrahydropteroyltriglutamate homocysteine 
methyltransferase (MetH) resulted in reduction of growth in S. fredii RT19 under 
cation-associated osmotic stress. S-adenosyl-L-methionine (active methionine) is a 
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direct metabolite of methionine, in which the methyl group contributes to the 
synthesis of choline and sacosine etc. The synthesis of methionine and the expression 
of metE are mainly regulated by MetH (Jukes 1971, Old et al., 1988). Therefore, the 
reduction of growth of S. fredii RT19 mutants under osmotic stress possibly results 
from a deficiency of methyl groups in related osmolytes (e.g. choline and betaine). 
Correspondingly, the addition of choline or betaine effectively restores the growth of 
metH mutants under osmotic stress. Perhaps choline or betaine provides methyl 
groups that can be synthesized by MetH for methionine synthesis. 
1.11.5 Multiple salt tolerance genes 
The rpoH2 gene of Rhizobium sp. strain TAL1145 is required for 
exopolyssacharide (EPS) synthesis and effective nodulation of Leucaena 
leucocephala. The rpoH2 mutants of Sinorhizobium strain BL3 grew normally in 
complete or minimal medium but were unable to grow in salt stress conditions (0.5 
mM NaCl). After being complemented with cloned rpoH2 from either BL3 or 
TAL1145, those mutants showed greater salt tolerance than BL3 (Tittabutr et al., 
2006). The RpoE4 protein controls several downstream proteins (a heat shock sigma 
factor, a putative Mn-catalase, an alkylation DNA repair protein, pyridoxine 
phosphate oxidase, and exonuclease III, a putative proteins involved in cell envelope 
biogenesis, a putative peptidoglycan binding protein, a cell wall degradation protein, 
and phospholipase D). Using transcriptional fusions by the mutant deficient in the 
rpoE4 gene and then mated with R. etli, the R. etli rpoE4 mutants were sensitive to 
oxidative, saline and osmotic stresses, suggesting its role in salt tolerance 
(Martinez-Salazar et al., 2009). 
The Tn5 transposon-induced mutants of R. tropici were used to characterize genes 
related to salt tolerance. Three groups of genes were involved in adaptation to 
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hyperosmotic media. The first group was involved in the regulation of gene 
expression, including ntrY/ntrX (involved in regulation of nitrogen metabolism) and 
greA (encodes a transcription elongation factor). A second group included genes 
related to synthesis, assembly or maturation of proteins: alas (encodes alanine-tRNA 
synthetase), dnaJ (encodes a molecular chaperone) and a nifS (encodes a cysteine 
desulfurase) homologue. The third group was related to cellular build-up and 
maintenance such as a noeJ-homolog (encodes a mannose-1-phosphate 
guanylyltransferase involved in lipopolysaccharide biosynthesis), kup (encodes an 
inner-membrane protein involved in potassium uptake), and a gene that had no 
homology to known genes but was conserved in rhizobia (Nogales et al. 2002). 
Wei et al. (2004) constructed a Tn5-1063a mutagenesis library of S. meliloti 042BM 
and isolated salt-sensitive mutants by testing mutants in different salts and 
concentrations. Seven genes involved in salt tolerance of mutants were identified 
including omp10 (encoding a cell outer membrane protein), relA (encoding (p)ppGpp 
synthetase), greA (encoding a transcription cleavage factor), nuoL (encoding NADH 
dehydrogenase I chain L transmembrane protein), a putative nuclease/helicase gene 
and two unknown genes. This study suggested that salt tolerance regulation of 
Sinorhizobium meliloti 042BM is complex and on several levels. 
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Chapter 2  The collection of salt-tolerant rhizobia and the 
symbiotic effectiveness with lucerne 
2.1 Introduction 
2.1.1 Role of Medicago in agriculture - BNF 
Industrial nitrogen fixation is a very energy-consuming and costly process, and the 
application of nitrogenous chemical fertilizer is not likely to be sustainable even if the 
price is affordable for farmers (Boddey et al., 1997). About 50% of nitrogenous 
fertilizers is lost by decomposition, leaching and gaseous losses (volatilisation) (Giller 
and Cadisch 1995). Biological nitrogen fixation (BNF), with its renewable and 
replenishable advantages, is the major supply of nitrogen for crops (Peoples et al., 
1995) 
The long-term application of low rates of fertilizer nitrogen in Australia has 
reduced the use of fertilizer N to BNF in farming system (Peoples et al., 2001). 
Legume-dominated pastures in Mediterranean-type climate cropping zones are a 
major source of nitrogen (Peoples et al., 1998). Vance (1998) suggested that 
approximately 80% of biological nitrogen fixation resulted from symbiotic nitrogen 
fixation between legume plants and rhizobia species (Rhizobium, Sinorhizobium, 
Mesorhizobium, Bradyrhizobium, Azorhizobium, and Allorhizobium). Therefore, the 
introduction of legume plants not only assists the conservation of soils and prevention 
of erosion but enhances the availability of nitrogen for the legumes and other crops 
(Giller and Cadisch 1995, Peoples et al., 1995). 
In Australia, current legume options for saline land are Medicago sativa 
(well-drained soils), Trifolium fragiferum (high rainfall areas) and Trifolium 
michelianum (waterlogged environments) (Rogers et al., 2008). Lucerne (alfalfa) is a 
widespread perennial pasture plant and a vital crop around the world as well as in 
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Australia (Rogers 2001). The average annual amounts of nitrogen fixed by lucerne 
range from 37-128 kg N ha-1year-1 (Peoples et al., 2001), suggesting it is a suitable 
pasture legume for revegetation of saline soils, and high levels of out-of-season 
pasture production are expected (Evans and Kearney 2003).  
Previous studies have shown various responses of lucerne to soil conditions such as 
sensitive to acidity (Zahran 1999) and may tolerate salinity to 100 mM NaCl (Johnson 
et al., 1992). Although lucerne is extensively used in field, it still encounters complex 
soils condition as well as salinity and may result in low output. Therefore, effective 
symbiosis with rhizobia will facilitate growth and survival in those conditions (Zahran 
1999).  
2.1.2 Salinisation and its effects on BNF in legumes 
Yield responses of legume plants often vary and depend on environmental factors. 
Salinity, one of the most rigid constraints to legumes on growth, production and 
symbiosis with rhizobia in Australia, is involved in changes of physiological 
morphology and biochemical development (Singleton and Bohlool 1984, Delgado et 
al., 1994, Cordovilla et al., 1996). Root and shoot dry weights decreased with 
increasing salinity and with different genotypic variability of legume plants inoculated 
with rhizobia (Aydi et al., 2004, Tejera et al., 2004, Bouhmouch et al., 2005).  
Variation in effectiveness of rhizobia is the major limitation in the use of BNF and 
the selection of naturally-occurring populations of rhizobia as inoculant strains 
(Gibson et al., 1975, Tamimi 2002). This has led to improvement in rhizobial 
symbiotic performance (effectiveness) with legume plants (Amarger 1981). Therefore 
it is necessary to continue to evaluate the symbiotic effectiveness of new salt-tolerant 
rhizobia from field sites for use in salinised areas. In this study, wild strains from soils 
and nodules were compared with a commercial strain (RR1128) to determine their salt 
44 
 
tolerance and symbiotic effectiveness with lucerne. 
2.1.3 Finding salt-tolerant rhizobia – methods used 
Rhizobia can be isolated directly from nodules of legumes in the appropriate 
cross-inoculation group (Vincent 1970). For lucerne, this is species of Medicago, 
Melilotus and Trigonella (Allen and Allen 1981), which nodulate with Sinorhizobium 
meliloti. Rhizobia can also be trapped from soils using the method of Vincent (1970). 
Trapping rhizobia is based on the ability of specific rhizobia to infect and produce 
nodules on a chosen species of legume plant. Theoretically, a single rhizobial cell 
multiplies in the root system and results in a sufficient population for nodulation in 
the root of susceptible legumes. Therefore, the number of tubes in which susceptible 
host plants become nodulated determines the likely number of rhizobia in the soils 
under test. Enclosed tubes can be used for counting a wide range of rhizobial using 
lucerne for Sinorhizobium meliloti, clovers for R. leguminosarum bv. trifolii, vetch for 
R. leguminosarum bv. serradella (Ornithopus sativus) for R. lupini, and Phaseolus 
atropurpureus var. Siratro for a wide range of rhizobia belonging to the 
cowpea-soybean miscellany. Lotus seed is also small enough for its rhizobia to be 
tested in tubes (Vincent 1970). In this chapter, the rhizobia from soils in three sample 
sites were determined by the plant infection most probable number (MPN) 
enumeration (Vincent 1970). 
2.1.4 Aims 
In this study, rhizobia were isolated from nodules of Medicago and Melilotus 
species, and Medicago sativa L. was used to trap rhizobia from two-thirds of the soils. 
The main aim of this study was to isolate effective salt-tolerant rhizobia from soils or 
nodules and measure their symbiotic effectiveness on lucerne relative to current 
commercial inoculant RR1128. 
45 
 
 
 
 
 
 
Figure 2-1. Three sampling sites for rhizobial strains around Victoria. Source : Google 
maps (http://maps.google.com.au/). 
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Table 2-1. Details of locations and legume species from which rhizobia were isolated. 
 
Site name Legume species Isolates 
Balwyn North 
(Latitude 37 ﾟ 48，S 
Longitude 145 ﾟ 6，E) 
 
 
 
 
 
 
 
Glenthompson 
(Latitude 37 ﾟ 42，S 
Longitude 145 ﾟ 32，E) 
Gunnamatta Beach  
(Latitude 38 ﾟ 28，S 
Longitude 144 ﾟ 52，E) 
 
Medicago scutellata (L.) 
Mill. 
 
 
 
 
 
 
 
 
Melilotus alba Medik 
 
 
Melilotus indica 
(L.) All. 
 
 
 
 
 
 
 
NN1-1 
NN1-3 
NN1-4 
NN2-1 
NN2-2 
NN2-3 
NN2-4 
NN2-5 
NN2-6 
 
GS4 
GS9 
 
DN1-1 
DN1-2 
DN2-1 
DN2-2 
DN3-1 
DN3-2 
DN4-1 
DN4-2 
DS2 
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2.2 Materials and Methods 
2.2.1 Sampling sites 
Rhizobia were collected from three species of Medicago and Melilotus, all known 
for their salt tolerance (Singleton et al. 1982). The locations of sampling sites for 
rhizobia are shown in Figure 2-1 and details of host species and locations are given in 
Table 2-1. Medicago sculletala was sampled in a garden at Balwyn North which was  
a non-saline site. Melilotus alba was sampled at Glenthompson, a salinised pasture 
site (Evans and Keamey 2003). Melilotus indica was sampled at Gunnamatta Beach, a 
saline dune site.  
2.2.2 Soil properties 
From each site, samples of nodulated roots from legume plants were collected as 
follow: Five-ten randomly chosen locations in each area were sampled to a depth of 
10-15 cm. Individual samples of plants and roots were stored in scaled plastic bags 
and transported to the laboratory. Soil pH and electrical conductivity (E.C.e) were 
measured by using a glass electrode in a ratio of 1:1 soil:water suspension.  
2.2.3 Trapping of rhizobia from soils 
Tap water agar (1.5% Davis agar w/v) (Table 2-2) was sterilized at 121°C for 20 
minutes and poured into 9 cm diameter sterile plastic Petri dishes for germination of 
lucerne SARDI 7, a gift from Heritage Seeds Pty Ltd. Seeds were surface-sterilized 
with 95% ethanol for 3 minutes, then 2.5% NaOCl for 3 minutes, followed by 
washing with sterilized tap water three times and allowing seeds to swell in some 
residual water from the last wash. Excess water was drained off and seeds were spread 
out onto the tap water agar plates and left to germinate for 1-2 days. 
Glass tubes (150 mm x 25 mm) closed by plastic caps (Sarstedt Ltd) with sloped 
tap water agar were prepared and allowed to set so as to provide ‘deeps’ for growth of 
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lucerne. Germinated seedlings with roots of 5-7 mm were put into the tubes for 
inoculation with a series of dilutions of soil suspensions. 
Ten-fold dilutions of 10 ml were prepared in quadruplicate from 10-2 – 10-7 for each 
soil as follows. Fifty grams of each soil was added to 450 ml sterile water and shaken 
well for 5 minutes to make a 10-1 dilution. To make the 10-2 dilution, 1 ml of 
suspension was pipetted into 9 ml sterile water and mixed thoroughly. This step was 
repeated six times to create 10-2 ~ 10-7 dilutions. A 1 ml aliquot of each dilution was 
inoculated into each of four tubes with one seedling each.  Controls were inoculated 
in quadruplicate with sterile water or compatible effective rhizobia (commercial 
inoculant Sinorhizobium meliloti RR1128) from ALIRU (Australian Legume 
Inoculants Research Unit, based at the NSW Department of Primary Induatries 
laboratories at Gosford, NSW).  
Inoculated tubes were randomly arranged in a controlled temperature room at 25°C 
with a 12 h photoperiod provided by halide lamps at 250 nmoles m-2s-1. Plants were 
watered through the tubes with Trinick’s slolution for 6 weeks, and nodules were 
counted on each plant.  
2.2.4 Isolation of rhizobia from nodules 
All nodules were cut off in a laminar flow cabinet with small pieces of root and 
washed with 2.5% NaOCl and sterile water. They were surface-sterilized by shaking 
in 75% alcohol for 3 min and rinsed for 2 min 3 times in sterile water, followed by 
shaking in 2.5% NaOCl for 3 min. Each nodule was crashed in a drop of sterile water 
in a sterile 96-well tray (one well per nodule) using the sterile (flamed) end of a metal 
loop and the milky liquid was streaked onto a Yeast-Mannitol Agar plate (YMA) 
(Table 2-2) using a sterile loop and incubated in 28°C. Single colonies were picked up 
from the original streak plates and restreaked on YMA containing Congo red and 
49 
 
bromothymol blue (Table 2-2) to ensure purity before storage in 15% glycerol at 
-80°C.  
2.2.5 Salt tolerance of rhizobia 
2.2.5.1 YMA 
  YMA was prepared with different concentrations of NaCl to give 0, 1, 2, 3, 4 and 
5% NaCl. Isolates were streaked out in triplicate on each NaCl concentration and 
grown for 3 days.  
2.2.5.2 YM broth 
  Twenty-one isolates (including commercial inoculant RR1128) were grown in 
triplicate in a Orbital Mixer Incubator at 150 rpm (Ratek instrument) for 4 days at 
28ºC in tubes containing 30 ml YM medium (10 g Mannitol, 0.5 g K2HPO4, 0.2 g 
MgSO4.7H2O, 0.2 g NaCl, 0.00488 g FeCl3, 0.4 g yeast extract per liter) 
supplemented with 0 - 5% (w/v) NaCl. The O.D. 660 for each isolate was measured 
(Biophotometer, Eppendorf).  
2.2.6 Symbiotic effectiveness on lucerne 
2.2.6.1 Without NaCl 
Seeds were surface-sterilised and germinated as described in 2.2.3. Rhizobial 
strains were sub-cultured from 3-4 day-old colonies on YMA onto new plates of YMA 
and grown at 28ºC until confluence of colonies (about 4 days) and then scraped 
aseptically from plates into sterile water and adjusted using a haemocytometer to give 
106 rhizobia/ml for each strain. Sterile paper towels were placed in surface-sterilized 
pots (140 mm in diameters) to stop sand falling through the holes at the bottom. 
Plastic pipes were sterilized by 2.5% NaOCl, rinsed in sterile water and positioned in 
the pots so that they ended about 2.5 cm from the bottom. With tubes in position, pots 
were filled up to about 2.5 cm from the top with sterile sand. Sterilized lids were  
50 
 
 
 
 
 
 
Table 2-2. Components of media used. 
 
Medium Chemicals Concentration 
(g L-1H2O) 
YMA Mannitol 10 
 K2HPO4 0.5 
 MgSO4.7H2O 0.2 
 NaCl 0.2 
 FeCl3 0.00488‡ 
 Yeast extract 0.4 
 Agar 15 
   
BTB Bromothymol blue 5 ml stock1 in 1 l YMA 
   
Congo red Congo red  10 ml stock2 in 1 l YMA 
Chen et al. (2000). 
Media were adjusted to pH 6.8 before autoclaving at 121°C for 15 min. 
‡Stock solution: 0.488 g FeCl3 in 1 l Milli H2O, with 10 ml/l used in final medium. 
1
 BTB stock = 0.04 g sodium salt of bromothymol blue in 100 ml of distilled water. 
2
 Congo red stock = 0.3 g congo red and 0.3 g NaCl in 100 ml of 80% alcohol. 
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placed on tops of pipes. Pots were watered with sterile quarter-strength Trinick's 
nutrient solution (Trinick 1980) until the pots started to drip. Four germinated seeds of 
lucerne SARDI 7 were planted in each pot. For the control, seedlings were covered 
immediately with about 1 cm of sterile sand to avoid contamination in each of the 
three replicate pots. For each strain being tested, each seedling was inoculated with 1 
ml (106) of the rhizobial strain and seeds covered immediately with about 1 cm of 
sterile sand. This step was repeated for each strain being tested. A 1.5-2 cm thickness 
of sterile polythene beads was put over the top of the sand to avoid contamination. 
Pots were placed on wire racks over sterile trays to catch any flow-through on a bench 
in a controlled temperature room at 25°C with a 12 h photoperiod provided by halide 
lamps at 250 nmoles m-2s-1 and randomized by using a random number table. This last 
step was repeated at weekly intervals. Three of the pots were weighed and all pots 
watered so that field capacity was maintained (three pots weighed every 3 days). 
Plants were grown for 8 weeks and oven-dried at 70°C for 3 days. Shoot, root and 
nodule dry weights were recorded for each pot. 
2.2.6.2 With NaCl 
  Strains NN2-1 and RR1128 were grown up as in section 2.2.6.1 and inoculated onto 
lucerne SARDI 7 in pots as before. Plants were watered every 3 days as needed with 
sterile quarter-strenth Trinick’s nutrient solution as before with 0 to 4% (w/v) NaCl 
through the tubes only (by lifting the lid off each tube). Plants from both treatments 
above were grown for 8 weeks and oven-dried at 70°C for 3 days. Shoot, root and 
nodule dry weights were recorded for each pot as before. 
2.2.7 Nitrogen content of tested legume plants 
2.2.7.1 Digestion 
The nitrogen content of the lucerne plants was assessed by Kjeldahl analysis. Dried 
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samples were finely ground using a herbal grinder (Coles Homebrand, Webb Pty. Ltd.) 
at the highest speed for 1-2 min until uniform. Samples were dried overnight at 65ºC. 
Then 100-200 mg of each sample was placed into a 250 ml digestion flask and 20 ml 
98% sulphuric acid and 1 tablet of catalyst (Merck) were added and mixed with the 
sample. Flasks were placed in a block-digester and digested until clear green (around 
1.5 h) and left for 30-45 min more to ensure the samples were completely digested. 
Each batch of sample for digestion contained one reagent blank (no plant) and 
triplicates of each treatment.  
2.2.7.2 Distillation 
An aliquot of 0.5 ml of each digested sample was placed into a 250 ml Kjeldahl 
distillation flask (Schott Duran) and mixed with 5 ml distilled water. After adding 20 
ml 40% NaOH, the flask was immediately put onto the distillation apparatus 
(Semi-micro KI9/16 6X250ml 230V 50/60 Hz, Gerhardt Distillation Systems) and 25 
ml distillate was collected into 5 ml 2% boric acid mixed with 2-3 drops of mixed 
indicator (0.396 g of bromocresol green and 0.264 g of methyl red in 1 L with 
deionized water) in a 50 ml receiving flask, and the color of the indicator was green. 
The samples were titrated with 0.05 N H2SO4 back to their original color and the 
volume of 0.05 N H2SO4 used was recorded. The nitrogen content of each sample was 
calculated by the following formula after subtracting any volume for the blank: 1 ml 
0.01 N HCl = 0.14 mg N, therefore 1 ml 0.05 N H2SO4 = 0.07 mg N. 
2.3 Results  
2.3.1 Soil properties 
The Balwyn North soil was a grey duplex clay, whereas that at Glenthompson was 
a sandy loam and the Gunnamatta Beach soil was a typical rear dune beach sand. The 
pH values of the 17 samples from the sites ranged from 5.4 – 8.8, averaging pH 6.4 at 
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Balwyn North, pH 8.5 at Gunnamatta and pH 8.0 at Glenthompson (Table 2-3). The 
soils in North Balwyn were slightly acidic whereas the others were moderately 
alkaline. Soils from Gunnamatta and Glenthompson were moderately salinised (EC = 
4-8 ds/m) soils (EC = 3.78±1.59 and 4.02±1.38 respectively) while soils from Balwyn 
north was slightly to moderately saline (with EC = 2.92±0.384) (Table 3). Soils from 
Balwyn North were richer in ions than soils from Glenthompson and Gunnamatta.  
2.3.2 Isolates obtained 
2.3.2.1 From soil 
The MPN of rhizobia was low, and ranged from not detectable (14 soils) to 1.82 g -1 
soil (strain GS4) (from Glenthompson), 0.182 g -1 soil (strain GS9) (from 
Glenthompson). All isolates from nodules on site were streak-purified and grew on 
YMA after 3-4 days. Streak-purified isolates were almost uniformly rapidly growing 
with copious polysaccharide gum and produced acid in YMA containing BTB, as 
expected for sinorhizobia. 
2.3.3 Phenotypes and purity  
No isolate from soils or nodules absorbed Congo red. All isolates produced copious 
external polysaccharide gum except isolate NN1-4 (Table 2-4). Only isolate NN1-4 
was alkali-producing (blue-green) when cultivated on BTB medium, while others 
produced acid (yellow).  
2.3.4 Salt tolerance  
2.3.4.1 Solid YMA 
Of the 21 rhizobial strains tested (20 isolates and the commercial lucerne inoculant 
RR1128), all tolerated up to 2% NaCl except NN1-1 and NN1-4. DN3-2 failed to 
grow at 1% NaCl but grew at 2 and 3% NaCl. At 3% NaCl only 13 isolates still grew, 
of which three had just minimal growth (DN1-2, DN2-1 and DN2-2). By 4% NaCl,  
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Table 2-3. Soil pH and electral conductivity of sampling sites from Balwyn North, 
Gunnamatta and Glenthompson. 
 
Location Soil pH Mean Soil 
pH 
Soil electrical 
conductivity 
Soil:water = 
1:5 
dS/m 
Mean Soil E.C. 
(=6.76×EC1:5) 
dS/m 
Saline 
condition 
Balwyn North site 1 
Balwyn North site 2 
6.5 
6.4 
6.5 0.398 
0.331 
2.92±0.384 Slight 
Gunnamatta site 1 
Gunnamatta site 2 
Gunnamatta site 3 
Gunnamatta site 4 
Gunnamatta site 5 
8.3 
8.3 
8.6 
8.5 
8.7 
8.5 0.424 
0.280 
0.168 
0.177 
0.212 
3.78±1.59 Slight to 
moderate 
Glenthompson site 1 
Glenthompson site 2 
Glenthompson site 3 
Glenthompson site 4 
Glenthompson site 5 
Glenthompson site 6 
Glenthompson site 7 
Glenthompson site 8 
Glenthompson site 9 
Glenthompson site 10 
6.2 
8.5 
8.4 
8.7 
8.4 
8.8 
8.6 
8.5 
8.0 
5.4 
8.0 0.107 
0.249 
0.223 
0.181 
0.264 
0.355 
0.233 
0.310 
0.402 
0.363 
4.02±1.38 Slight to 
moderate 
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Table 2-4. Observation of 20 rhizobial strains on YMA-based media. 
 
 
YMA: yeast mannitol agar  BTB: bromothymol-blue agar 
Ac : Acid-producing  Al : Alkali-producing  
T : Translucent, ST : Semi-translucent 
Strain Congo red 
reaction 
Colony form 
on YMA 
Appearance 
on YMA 
   Reaction 
on BTB 
Balwyn North 
    
NN1-1 Pink High  ST Ac 
NN1-2 Pink High  ST Ac 
NN1-3 Pink High  ST Ac 
NN1-4 Pink Low  T Al 
NN2-1 Pink High  ST Ac 
NN2-3 Pink High  ST Ac 
NN2-4 Pink High  ST Ac 
NN2-5 Pink High  ST Ac 
NN2-6 Pink High  ST Ac 
Gunnamatta Beach 
    
DN1-1 Pink High  ST Ac 
DN1-2 Pink High  ST Ac 
DN2-1 Pink High  ST Ac 
DN2-2 Pink High  ST Ac 
DN3-1 Pink High  ST Ac 
DN3-2 Pink High  ST Ac 
DN4-1 Pink High  ST Ac 
DN4-2 Pink High  ST Ac 
DS2 Pink High  ST Ac 
Glenthompson    
 
GS4 Pink High  ST Ac 
GS9 Pink High  ST Ac 
Commercial RR1128 Pink High  ST Ac 
56 
 
10 strains (NN1-1, NN1-2, NN1-4, NN2-4, NN2-6, DN2-1, DN2-2, DN3-2, DN4-1, 
DN4-2) were greatly inhibited (Table 2-5). None of the isolates grew on YMA 
supplemented with 5% NaCl.  
  The most salt-tolerant isolates were from Balwyn North (NN2-1 and NN2-3), 
Gunnamatta Beach (DN1-1, DN1-2 and DS2), and Glenthompson (GS4 and GS9). 
Ten isolates (NN2-1, NN1-3, NN2-6, DN1-1, DN1-2, DN4-2, DS2, GS4, GS9, and 
RR1128) were selected for further study in liquid culture. 
2.3.4.2 Liquid YMA 
The O.D. of all isolates was affected significantly by salt concentration (Figure 2-2, 
Table 2-6), in that the O.D. decreased with increasing salinity after 1%. There was 
also a significant effect of isolate, in that different isolates had different quantitative 
responses (e.g. GS4 and NN1-3, Figure 2-6). There was also a significant interaction 
between NaCl concentration and strain, in that different isolates had different trends; 
for example, isolate RR1128 reached an optimum at 1-2% NaCl but isolate GS4 
reached an optimum at 4% NaCl. Surprisingly, only isolates GS9, DN4-2 and DS2 
grew well at 0% NaCl (Figure 2-6). Most strains had maximum O.D. at 1% NaCl; 
some strains continued to grow strongly > 2% NaCl, but not NN2-6 and DN1-2. 
Strains with an optimum at 1-2% NaCl included the commercial strain RR1128, 
NN1-3, NN2-1, DN1-1, DN4-2 and GS9. Growth of all isolates was inhibited above 
2% NaCl except for strains GS4 and DS2, which had their greatest O.D. values at 4% 
and 3% NaCl respectively. The O.D. of RR1128 was the greatest at 1-3% NaCl but 
was surpassed by NN1-3 at 4% NaCl. Finally, DS2 had an O.D. value of 0.13 in 5% 
NaCl, compared with all other strains, which had O.D. values below 0.09. 
2.3.5 Symbiotic effectiveness  
2.3.5.1 Symbiotic effectiveness without NaCl 
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Table 2-5. Growth and source of 21 rhizobial strains on YMA-based media with 1-5% 
NaCl at 3 days. 
 
Strain NaCl concentrations Source Dilution 
of soil 
 1% 2% 3% 4% 5%   
Balwyn North 
       
NN1-1 + - - - - nodule N.A. 
NN1-2 + + - - - nodule N.A. 
NN1-3 +++ +++ ++ + - nodule N.A. 
NN1-4 +++ - - - - nodule N.A. 
NN2-1 +++ +++ ++ ++ - nodule N.A. 
NN2-3 +++ +++ ++ ++ - nodule N.A. 
NN2-4 +++ +++ - - - nodule N.A. 
NN2-5 +++ +++ ++ + - nodule N.A. 
NN2-6 + + - - - nodule N.A. 
Gunnamatta Beach 
    
   
DN1-1 ++ +++ +++ ++ - nodule N.A. 
DN1-2 ++ +++ ++ ++ - nodule N.A. 
DN2-1 + ++ - - - nodule N.A. 
DN2-2 + ++ + - - nodule N.A. 
DN3-1 + ++ + + - nodule N.A. 
DN3-2 - ++ + - - nodule N.A. 
DN4-1 ++ + - - - nodule N.A. 
DN4-2 + + - - - nodule N.A. 
DS2 +++ +++ +++ +++ - soil 10-1 
Glenthompson        
GS4 +++ ++ ++ ++ - soil 10-2 
GS9 +++ ++ ++ ++ - soil 10-2 
Commercial RR1128 +++ ++ ++ ++ - N.A. N.A. 
- : No growth +: growth ++: flattened colony  +++: thick colony 
N.A. : not applicable 
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Figure 2-2. Effect of NaCl concentration(%)(M) on the growth of ten selected rhizobial 
strains at 4 days in YM broth. Data are means of three replicates. 
 
 
Table 2-6. Analysis of variance for effects of variables of NaCl concentration and 
rhizobial strain on O.D. values in TY broth at 4 days. 
 
Source DF SS MS F-value P-value 
NaCl 
concentration 
5 9.6187 1.92375 243.13* <0.001 
Strain  9 3.3584 0.37316 47.16* <0.001 
Interaction 45 4.4276 0.09839 12.43* <0.001 
Error 120 0.9495 0.00791   
Total 179 18.3543    
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Unfortunately with all strains except NN2-1 and NN1-3, lucerne plants died in two 
out of three pots (Table 2-7). The range of values for total plant dry weight per pot 
was greater for NN2-1 followed by NN1-3, which equalled that for the commercial 
strain RR1128. Strain NN2-1 produced twice the dry weight per plant of strain NN1-3 
(Table 2-7). Nitrogen concentration averaged 8.55% but varied two fold from 
6.46-12.54%. This resulted in plant nitrogen content per pot averaging 9.5 mg and 
varying almost two fold (7.0-19.6 mg). The range of values for all unreplicated pots 
was less than that for strain NN2-1 but as much as NN1-3 and RR1128. Nodule 
numbers per plant varied seven fold (4-28) but were not correlated with plant dry 
weight (R2 = 0.0002) or total nitrogen per pot (R2 = 0.000012). There was no 
difference in nodule number per plant between NN2-1 and NN1-3. Because strain 
NN2-1 was clearly superior in both plant dry weight and total nitrogen per pot, it was 
decided not to repeat this but to move immediately to test it against the commercial 
inoculants RR1128 with different concentrations of NaCl.  
2.3.5.2 Symbiotic effectiveness of selected strains NN2-1 and RR1128 with NaCl  
Plant dry weight per pot varied from 29 to 252 mg (Figure 2-7, Table 2-8) and was 
significantly affected by NaCl concentration (ANOVA, p<0.001) and strain (ANOVA, 
p=0.001), with NN2-1 greater than RR1128 (Table 2-9). There was no significant 
interaction between NaCl concentration and strain (ANOVA, p=0.282) (Table 2-9). 
Both plant dry weight and nodule number per pot declined progressively with NaCl 
concentration with both strains (Figure 2-7). Plant dry weight per pot was not 
significantly correlated with nodule number per pot (correlation, r2 = 41.5).   
Plant nitrogen content per pot varied from 3.5 – 10.8 mg and was significantly 
affected by NaCl concentration (ANOVA, p<0.001) and strain (ANOVA, p=0.041), 
with NN2-1 again greater than RR1128 (Table 2-10), but there was no significant  
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Table 2-7. The symbiotic effectiveness with selected rhizobia on lucerne SARDI 7. 
 
Strain  Pot Nodule 
number/ 
pot 
Shoot dry 
weight/pot 
(mg) 
Root dry 
weight/pot 
(mg) 
Total 
plant 
dry 
weight/ 
pot (mg) 
% 
Nitrogen 
Nitrogen 
content/pot 
(mg) 
Control  1 N.A. 57 48 57 0.41 0.23 
 2 N.A. 61 50 61 0.33 0.20 
 3 N.A. 59 49 59 0.36 0.21 
NN1-3 1 7 88 16 104 8.08 8.4 
 2 5 92 6 98 8.57 8.4 
 3 12 93 7 100 8.40 8.4 
NN2-1 1 7 123 28 151 8.34 12.6 
 2 9 184 41 225 8.71 19.6 
 3 12 184 39 222 8.83 19.6 
NN2-6 1 4 28 31 59 9.49 5.6 
DN1-1 1 6 60 7 67 8.36 5.6 
DN1-2 1 15 72 22 94 7.45 7 
DN4-2 1 4 66 12 78 7.18 5.6 
RR1128 1 13 116 14 130 6.46 8.4 
DS2 1 14 78 21 99 8.48 8.4 
GS4 1 13 54 13 67 12.54 8.4 
GS9 1 28 66 13 79 8.86 7 
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Figure 2-3. Total plant dry weights per pot for strains NN2-1 and RR1128 with 1-3% 
NaCl. 
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Table 2-8. Growth parameters of lucerne SARDI 7 inoculated with NN2-1 or RR1128 
with 0-3% NaCl. 
 
Strain 
name 
Salinity Nodule 
numbers/ 
pot 
Nodule 
dry 
weight 
(mg)/ 
treatment 
Total 
dry 
weight/ 
pot 
(mg) 
% 
Nitrogen 
Nitrogen 
content/pot 
(mg) 
NN2-1 0 6.7±0.3 20.7±0.3 252±19 4.3±0.4 10.8±1.0 
 1 6.3±1.6 15.7±3.8 162±5 5.4±0.6 8.7±0.7 
 2 6±1.2 8.3±1.2 136±8 5.2±0.2 7.0±0.1 
 3 2.3±0.3 6.7±1.2 59±3 7.3±0.7 4.4±0.6 
RR1128 0 6.6±0.9 22±1.5 194±29 4.9±0.4 9.3±1.2 
 1 7.3±0.3 17±2 147±4 5.2±0.4 7.7±0.8 
 2 6.3±0.3 5±1 89±10 7.1±0.5 6.3±0.4 
 3 3.7±0.3 3.3±0.7 29±7 12.2±0.6 3.5±0.7 
 
 
 
Table 2-9. Analysis of variance for effects of variables of NaCl concentration and 
rhizobial strain on plant dry weight. 
 
Source DF SS MS F-value P-value 
% NaCl  3 106746 35582.1 61.05 <0.001 
Strain 1 9441 9440.7 16.20 0.001 
Interaction 3 2429 809.7 1.39 0.282 
Error 16 9325 582.8   
Total 23 127941    
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interaction between NaCl concentration and strain (ANOVA, p=0.949) (Table 2-10). 
Plant nitrogen content per pot decreased progressively with NaCl concentration with 
both strains (Figure 2-8, Table 2-10). Plant nitrogen content per pot was positively 
correlated with plant dry weight per pot (correlation, r2 = 83.3) but was not 
significantly correlated with nodule number per pot (correlation, r2 = 30.4).  
Nodule number per pot varied from 2 to 8 and was affected by NaCl concentration 
above 2% (ANOVA, p=0.001) but not by strain (ANOVA, p=0.270) (Table 2-11) and 
there was no significant interaction between NaCl concentration and strain (ANOVA, 
p=0.845) (Table 2-11). 
2.4 Discussion 
2.4.1 Effect of source 
The E.C. values of most soil samples suggested high ionic concentrations in soils at 
all sites. Therefore, it was expected that rhizobia strains from those sites were able to 
cope with their osmotic environments. Soil pH values ranged from 6.2 to 8.8 except 
for pH5.4 at Glenthompson site 10. Therefore, pH values in this range are unlikely to 
have had detrimental effects on rhizobial inoculation with lucerne because lucerne is 
only sensitive to acidity (Zahran 1999).  
Rhizobia were hardly detectable in those three soils using the MPN method, 
suggesting very low numbers of rhizobia left in soils although the host legumes were 
still nodulated at the sites. The populations of rhizobia in three soils were much less 
than expected as normally the rhizobial population is more than 1000 cells g-1 in 
neutral or alkaline pH soils (Ballard and Charman, 2000, Brockwell 2001) or around 
100 cells g-1 in stressful environments (Howieson and Ballard 2004). Some factors 
such as soil type and texture (Evans et al., 1993), amount of nodulation in the 
previous crop (Evans et al., 2001) and soil nitrate concentrations (Herdina and 
64 
 
 
 
 
 
Figure 2-4. % nitrogen per pot of strains NN2-1 and RR1128 with 1-3% NaCl. 
 
 
Table 2-10. Analysis of variance for NaCl concentration and rhizobial strain on total 
nitrogen per pot. 
 
Source DF SS MS F-value P-value 
% NaCl  3 111.775 37.2582 22.86 <0.001 
Strain 1 8.050 8.0504 4.94 0.041 
Interaction 3 0.571 0.1904 0.12 0.949 
Error 16 26.037 1.6296   
Total 23 146.470    
 
 
65 
 
 
 
 
 
 
 
 
 
 
Table 2-11. Analysis of variance for NaCl concentration and rhizobial strain on nodule 
number per pot. 
 
Source DF SS MS F-value P-value 
% NaCl  3 58.3333 19.4444 9.52 0.001 
Strain 1 2.6667 2.6667 1.31 0.270 
Interaction 3 1.6667 0.5556 0.27 0.845 
Error 16 32.6667 2.0417   
Total 23 95.3333    
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Silsbury, 1989) may have contributed to the scarcity of rhizobial populations. 
However, three different types of soils were found in those sites, and medics were 
present routinely at Glenthompson and Balwyn North. Hence those factors are not 
likely to affect the rhizobial population severely. Most soils had E.C. values of 0.2-0.4 
dS/m (slight to moderate salinity) and so salinity may have had major adverse effects 
on survival of rhizobia in those three soils. These results suggested that only small 
amounts of rhizobial populations left in those soils.  
All isolates except one from a nodule (Balwyn North) were typical sinorhizobia, in 
that they produced copious gum and acid and did not absorb Congo red (Vincent 
1970). Isolate NN1-4 was a typical in that it produced white gum and alkali, therefore, 
it was discarded as not likely in the sinorhizobia.  
2.4.2 Salt tolerance  
  The high proportion (eleven out of twenty-one, 52%) of strains with salt tolerance 
up to 4% NaCl on solid YMA was suprising, given that they tolerated greater NaCl 
concentrations than that of seawater (3% NaCl) and all the isolates were sampled 
from slightly or moderately saline sites. A wide range of salt-tolerant rhizobia would 
be expected in salinised soils (Zahran 1999) and rhizobia from a seaside area had high 
salt tolerance as a result of environmental salinity in soils (Chen et al., 2000). Strains 
from nodules at Gunnamatta Beach were, however, less salt-tolerant than strains from 
nodules (at Balwyn North) and strains from soils (at Gunnamatta Beach and 
Glenthompson). Some rhizobia are inhibited in growth at 100 mM NaCl (Yelton et al. 
1983), while others are more salt-tolerant ranging up to 700 mM NaCl or more. All 
these results showed the variation of rhizobial strains in response of salinity (Zahran 
1999). 
Strains purified from nodules (at both sites) had salt tolerance up to 4% NaCl on 
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solid YMA but may not be so salt-tolerant in liquid medium. All strains reached an 
optimum at 0-3% NaCl except DS2 (Gunnamatta Beach), GS4 and GS9 
(Glenthompson) (all moderate saline sites) from soils. Among all isolates, commercial 
inoculant RR1128 reached an optimum at 0-3% NaCl, suggesting rroad salt tolerance 
whether on YMA or in liquid medium, a suitable range of tolerance as inoculant. 
Strains from soils were more salt-tolerant than those from nodules and of the liquid 
medium was possibly more similar to the soil environments where those isolates lived, 
whereas strains inside nodules are relatively isolated from the direct effects of salinity. 
Also, salinity fluctuates even within short distances for rhizobia and lucerne in soils 
and broad tolerance is preferable. 
The MPN showed that strains DS2, GS4 and GS9 had low populations in soils but 
high salt tolerance, while some strains purified from nodules at Balwyn North could 
tolerate as high salinity as that of strains from soils and the commercial inoculant 
strain RR1128; therefore, those strains were selected to test symbiotic effectiveness on 
lucerne with or without NaCl. 
2.4.3 Symbiotic effectiveness  
Effective rhizobia may not be sufficient or effective under complex soil conditions 
(Brockwell and Bottomley 1995, Peoples and Craswell 1992). Therefore, it is very 
important to ensure those isolates remain effective on the host legume plant (lucerne) 
with or without salinity in the field.  
Without NaCl 
Among all isolates, strain NN2-1 from Balwyn North produced the greatest total 
plant dry weight of all strains. This suggested that although it was from only slightly 
saline soil, strain NN2-1 was as salt-tolerant and symbiotically effective on lucerne as 
were strains from moderately saline soils, even though salt tolerance of isolates dose 
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not necessarily contribute to good effectiveness (Zahran 1999).  
Strains with similar effectiveness (e.g. NN1-3) produced different total nodule 
numbers per pot. Amarger (1981) noted that even strains with identical effectiveness 
may form different numbers of nodules on the same host, and this characteristic varies 
from species to species.  
Both strains GS9 and (from soil at Glenthompson) and DN1-2 (from nodule at 
Gunnamatta Beach) had the greatest nodule numbers per pot, but high nodule number 
did not contribute a high quantity of nitrogen to their total plant dry weights. This was 
also found by Unkovich et al. (1998) and Mrabet et al. (2005) for rhizobia and their 
host legumes in that symbiotic effectiveness and nodule number were independent.  
However, the strong positive relationship between plant dry weight and nitrogen 
content suggests that plant growth was directly dependent on nitrogen availability in 
the nitrogen-free medium, and plant dry weight measurement could be used to 
measure symbiotic effectiveness instead of the laborious Kjedahl procedure. Similarly 
high concentrations of % nitrogen have been observed in Medicago sativa and 
Melilotus species (Rogers et al., 2003 and 2008).  
With NaCl  
Strain was equally as effective on lucerne as the commercial strain RR1128 at 0-3% 
NaCl, and the total plant dry weight of lucerne with NN2-1 was greater than with 
RR1128 at 0 % - 2 % NaCl. This suggests that NN2-1 could be more beneficial than 
RR1128 as an inoculant in salinised soils. 
The nitrogen content rose with increasing NaCl concentration as plants 
accumulated nitrogen through nitrogen fixation but could not use it in growth. This 
phenomenon could result from accumulation of salts that contribute to adjustment to 
osmotic conditions in lucerne. For example, Pessarakli et al. (1989) found that 
ammonium, nitrate and free amino acids were accumulated in plants and protein 
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synthesis was reduced. Protein synthesis (protein-N fraction) and incorporation of 
ammonium into amino acids in bean and pea were inhibited if plants were challenged 
by salinity (Udovenko et al., 1970). Particularly, the inorganic solutes (Na+,K+, 
Ca2+,Mg2+, Cl-, NO3-, SO42-) and organic solutes (sugars, organic acids, amino acids, 
quaternary ammonium compounds) accumulated in vacuoles and contributed to 
osmotic adjustment and turgor regulation, but all the ions could not be utilized in 
growth.  
2.5 Conclusion 
  Based on the trapping result of rhizobia from soils, the availability of soil rhizobia 
was very low (less than 1000 cells g-1 soil) possibly due to the salinity of two out of 
three soils although legumes were present. Saline conditions may affect the rhizobia 
in soils but not in nodules. All isolates grew on YMA and 52% tolerated NaCl up to 
4% and were equally as salt tolerant as the commercial strain RR1128. Some rhizobial 
strains isolated from nodules or soils produced equal or greater total lucerne dry 
weights and nitrogen contents to those with RR1128 with all concentrations of NaCl. 
These isolates were salt-tolerant and symbiotically effective at up to seawater NaCl 
concentration. Isolate NN2-1 produced the most effective nodulation and was superior 
to the commercial inoculant RR1128. It therefore appeared to be a possible 
replacement for RR1128, especially in salinised soil. The question of how competitive 
it is, however, remains to be investigated as a good inoculant must not only be 
effective but also competitive, and its competitiveness will be tested in next chapter.  
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Chapter 3  The competitiveness of strain NN2-1 and the 
commercial inoculant strain RR1128 
3.1 Introduction 
Successful nodulation of legumes by rhizobia primarily relies on forming effective 
symbiosis, resulting in enhanced yield (Streit et al., 1995). Several additional criteria 
have been proposed by Brockwell et al. (1963), such as prompt formation of nodules, 
persistence in soil, and competition with naturalized strains, to improve the inoculant 
strains. If large numbers of rhizobia specific to the host are naturalized in the soils in 
which the legume plants are growing, inoculation and colonization of foreign 
inoculants may be ineffective. Competition between the inoculant and naturalized 
strains can reduce nodulation and nitrogen fixation. The restrictions to productive 
symbiosis may be related to the soil itself, existing soil-borne bacteria, and 
characteristics of the rhizobia introduced into soil (Castro et al., 2000).  
Inoculation of host legumes with an effective selected strain may result in low 
nodulation in the field (Amarger, 1981, Castro et al., 2000, Mrabet et al., 2005). In 
particular, Mrabet et al. (2005) suggested that the most competitive strains recovered 
from nodules were less effective than others. In theory, the potential of effective 
strains would be achieved completely only if they are introduced into soil free of 
rhizobia or they are highly competitive with indigenous strains in the soil (Amarger 
1981). These results also indicated the difficulty of nodulating legume plants in soil 
with the inoculant strain. Nodulation by a well-performing strain in vitro may not 
improve nitrogen fixation in legumes because it is less competitive in soils than 
indigenous strains.  
In some situations, deficiency in competitiveness can be attributed to several soil 
constraints such as salinisation, acidification or alkalinisation. These block the 
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symbiotic potential between strains and host legume plants by reducing survival and 
growth of rhizobial strains within the rhizosphere and, therefore, the ability to 
compete with well-adapted indigenous strains for nodulation is limited and possibly 
decreased. As a result, lack of competitiveness with other rhizobial strains and lack of 
persistence in antagonistic soil conditions may lead to a reduction in rhizobial 
population, nodule presentation and eventually to a decline in the production of host 
legume plants (Graham and Vance 2000).  
3.1.1 Methods for measuring competitiveness 
Identification of rhizobial strain in field experimentation where soils contain 
rhizobia capable of forming nodules with the host legumes is necessary for realistic 
assessment of strain competitiveness. In order to be practical, such techniques should 
be relatively specific, reliable and applicable to all (or most) rhizobial strains if 
possible. With the advent of molecular techniques, the recognition of rhizobial strains 
has evolved from morphological and serological to genetic (Josey et al., 1979).  
3.1.1.1 Serological detection 
The recognition of antigens expressed on the surface of rhizobial cells by specific 
antisera has been commonly utilized as a molecular marker. For example, Schmidt et 
al. (1968) used the fluorescent-antibody (FA) technique, in which an antibody to 
particular strains of Rhizobium japonicum was labelled with FITC (fluorescein 
isothiocyanate) to detect particular rhizobia in a field soil. The variation of soil 
population of Rhizobium leguminosarum was able to be measured using gel immune 
diffusion with antiserum from sheep (Slattery and Coventry 1993). 
3.1.1.2 Morphological detection 
The assessment of competitiveness can be achieved by morphological properties 
when evaluated by the relative number of nodules on a host with a mixture of strains, 
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provided that tested strains are distinguishable and recognizable qualitatively 
(Amarger 1981).  
The difficulty with morphological evaluation to measure and observe strains is the 
similarity of strains and nodules produced by them in the field (Wilson 1995). 
Normally the actively nitrogen-fixing nodules are pink to red-brown due to the 
presence of leghaemoglobin and ineffective nodules are white or green. Eaglesham et 
al. (1982) found significant proportions of dark-coloured nodules in some strains 
nodulating Vigna marina, Dolichos lablab, Centrosema pubescens, Phaseolus 
atropurpureus, Mimosa spp., Leucaena glauca, and Vigna sinensis, but this was 
considered as an oddity.  
Competitiveness can be measured using molecular markers stemming from internal 
molecular changes such as patterns of intrinsic resistance to antibiotics (Josey et al., 
1979). The most commonly used molecular markers before 1990 were resistance to 
rifampicin and streptomycin (Bushby et al., 1981, Josey et al., 1979). Resistance of 
strains results from mutation in the RNA polymerase, which excludes binding of 
rifampicin to one of the subunits of RNA polymerase and preventing genes 
transcribing messenger RNA (Bromfield et al., 1985, Lech and Brent, 1989). 
Similarly, streptomycin binds to a ribosomal subunit and protein synthesis is inhibited. 
Mutation of strains in this subunit prevents binding of streptomycin. The presence of 
such antibiotic resistance mutations allows the strains to grow in media with 
antibiotics and provides a selection method to distinguish strains from one another 
(Lech and Brent, 1989).   
3.1.2 The application of gusA gene  
For rhizobial competition studies, the gusA gene encoding enzyme β-glucuronidase 
(GUS) is the most commonly used reporter gene (Wilson et al., 1995) (Figure 3-1). 
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This gusA reporter gene can be inserted into a recombinant plasmid by using different 
restriction enzyme cutting sites and to an inoculant rhizobial strain by mating to 
provide a label when the strain is co-inoculated with other unmarked strains on a 
legume host. After harvesting, nodules on the root system of the legume host are 
stained with the GUS substrate XGlcA (5-bromo-4-chloro-3-indolyl β
-D-glucuronide) and turn a blue colour but nodules derived from the unmarked strain 
are not stained. Therefore the nodules formed by the inoculants and other rhizobia can 
be visually distinguished and nodule occupancy can be used to measure competition 
(Wilson et al. 1995). The key features of the gusA marker in tracing techniques are 
that the detection is performed by a simple histochemical assay and large sample sizes 
can be analyzed; therefore statistical errors are minimized. Moreover, different 
substrates for the detection of GUS activity are easily available (Wilson et al., 1995). 
The most commonly used substrates are X-GlcA, pNPG (p-nitrophenol glucuronide) 
and MUG (4-methyl umbelliferyl glucuronide). This reporter gene was first applied in 
rhizobia by Wilson et al. (1995) to visually assess the nodule occupancy and hence 
competition. This technique improved on previous detection methods, such as 
serological detection because it did not need limited supplies of antisera and so mass 
screening was possible, and enabled the essay to be carried out quantitatively and 
visually.  
3.1.3 Aims 
The similar symbiotic effectiveness of the isolated salt-tolerant strain NN2-1 
(greater in total plant dry weight but not in % nitrogen) and the commercial strain 
RR1128 from chapter 2 raised the question of their competitiveness. In this study, the 
competitiveness of NN2-1 and RR1128 were investigated using insertion of gusA 
reporter in each strain separately (Wilson et al., 1995, Denton et al., 2003). The 
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transposon with gusA was designed to be expressed constitutively by the Ptac 
promoter region (Figure 3-1) and enables the expression of the gusA gene in rhizobia 
as well as in nodules. 
3.2 Materials and Methods 
3.2.1 Introduction of gusA gene into rhizobial strains 
Two rhizobial strains nodulating lucerne were used. The commercial inoculant 
strain RR1128 was obtained from the Australian Legume Inoculants Research Unit 
(ALIRU). The salt-tolerant strain NN2-1, which in Chapter 2 possessed high 
effectiveness, was selected for competition with RR1128. Escherichia coli MUE252 
(Transposon mTn5ssgusA11, Figure 1, a gift from Wayne Reeve, Murdoch University) 
was used as donor strain to transfer the GUS transposon to recipients of both 
commercial and selected strains. The rhizobial strains were cultivated on yeast-extract 
mannitol agar (YMA) (Vincent 1970) at 28ºC. The E. coli strain was maintained on 
Luria broth (LB) medium supplemented with ampicillin (50 µg ml-1) and 
streptomycin (50 µg ml-1) at 37ºC.  
Rhizobial strains were labelled with gusA using the methods of Reeve et al. (2003). 
Each rhizobial strain was incubated in TY broth with 1% NaCl for 3-4 days at 28ºC 
and the E. coli strain was incubated in LB broth at 37ºC for 1 day. Then 1 ml of E. 
coli and 1 ml of rhizobia was centrifuged separately at 17,900 g for 90 seconds and 
each supernatant was removed by aspiration separately. Each pellet was resuspended 
in 50 µl of TY liquid and mixed well by pipetting. The total 100 µl of the suspension 
was combined and transferred onto a TY plate as drops on the surface to mate and 
transfer the plasmid. Plates were left to dry in a laminar flow cabinet and incubated at 
28ºC for 3 days. The entire growth was scraped into an Eppendorf tube with 850 µl of 
0.89% saline plus 150 µl of glycerol (80%). From this, aliquots of 1 µl, 10 µl and 100  
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Figure 3-1. Structure of transposon mTn5ssgusA11 in plasmid pCAM111 (Wilson et 
al., 1995).  
 
 
 
 
 
 
 
 
 
Antibiotic molecular marker 
(Streptomycin/Spectinomycin) 
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Table 3-1. Compositions of all media (O’Hara et al., 1989). 
 
Medium Chemicals Concentration 
(g l-1) 
TY Tryptone 3 
 Yeast extract 5 
 Glucose 5 
 Agar 20 
Luria Broth Agar Tryptone 10 
 Yeast extract 5 
 NaCl 5-10 
 Streptomycin 10-100 mg 
 Spectinomycin 10-100 mg 
JMM  mg l-1 
Trace Elements  Na2MoO4·2H2O  0.967 
 Na2SO4  100 
 MgSO4·7H2O 246.4 
 MnSO4·4H2O 1.114 
 ZnSO4·7H2O  1.08 
 CuSO4·5H2O  0.5 
Vitamin stock  Biotin 0.2 
 Thiamine HCl 10 
 Pantothenic acid 10 
Calcium stock  CaCl2·2H2O  147.02 
Iron stock 0.1 M  FeCl3·6H2O  27.03 
Phosphate stock 30 mM  KH2PO4  20.4 
 K2HPO4  26.1 
NH4Cl stock 5 M  NH4Cl 267.45 
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µl were spread on JMM plates with antibiotics (streptomycin and spectinomycin, 100 
mg/ml) (O’Hara et al., 1989) (Table 3-1).  
3.2.2 Competition studies between salt-tolerant strain NN2-1 and commercial 
inoculant RR1128  
The gusA gene-inserted transconjugant strains and rhizobial strains were grown in 
50 ml YM liquid media at 28ºC at 150 rpm in a Orbital Mixer Incubator (Ratek 
Instruments) for 3 days to be used as inocula. Suspensions of strains (approximately 
106 cells per ml) were inoculated into pots. Sand, pots, PVC pipes and seeds were 
prepared as described in chapter 2. Lucerne seedlings were grown in sand with N-free 
mineral nutrient solution and inoculated with the combinations of rhizobial strains in 
Table 3-2.  
3.2.3 GUS activity 
GUS activity of nodules was measured by staining the whole root system in 
X-GlcA staining solution (Table 3-3) (Wilson et al., 1999). The solution was 
vacuum-infiltrated into the root system for 15 minutes to remove air. Root systems 
were kept immersed and incubated at 37ºC in the dark for 24 hours and then removed 
and washed with sterile water. Nodules were counted as either stained (blue, with 
GUS gene expression) or unstained (pink or white, without GUS gene expression) to 
determine nodule occupancies.  
3.2.4 Nitrogen content  
  Nitrogen content was measured as described in chapter 2.  
3.3 Results  
3.3.1 Introduction of gusA gene into rhizobia strains 
The transposon with the gusA gene was transferred from E. coli and accepted by 
the rhizobial strains by random mutagenesis. After the transconjugation, the  
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Table 3-2. Treatments and combinations of rhizobial strains. 
 
Rhizobial strain Ratio NaCl 
(%) 
Number 
of pots 
Number of 
seeds per 
pot 
Control (uninoculated) 0:0 0 4 4 
Mixed strains     
NN2-1 + NN2-1 (gusA+) 1:1 1 
2 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
RR1128 + RR1128 (gusA+) 1:1 1 
2 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
NN2-1 (gusA+) + RR1128 1:1 1 
2 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
NN2-1 + RR1128 (gusA+) 1:1 1 
2 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
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Table 3-3. Composition of GUS staining solution (Denton et al., 2003). 
 
Solutions Chemicals Concentration 
Stock solution  aa* 100 mM EDTA 3.7 g/100 ml water  
                         
ab*** 
50 mM potassium ferricyanide 2.1 g/100 ml water 
                         
ac** 
1 % Triton X-100 100 µl/10 ml water 
                         
ad* 
0.5 M Na2HPO4·2H2O 44.5 g/500 ml water 
                         
ae* 
KH2PO4 34 g/100 ml water 
                         
af* 
K/NaPO4 buffer pH 7.0 0.36 vol. of ae to 0.64 
vol. of ad 
Staining solution 0.1 M K/NaPO4 buffer pH 7.0 5 ml of stock af 
 10 mM EDTA 2.5 ml of aa 
 5 mM potassium ferricyanide 2.5 ml of ab 
 0.1 % Triton X-100 2.5 ml of ac 
 H2O distilled 10 ml 
 5-bromo-4-chloro-3-indolyl 25 mg in 250 µl 
 β-D-glucuronide (X-gluc) dimethyl formamide 
 
* autoclaved for storage at room temperature (RT) 
** sterile filtrate, stored at RT 
*** not autoclavable, stored in aliquots at -20 °C in the dark 
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transconjugants were cultured and selected on JMM media supplemented with the 
X-GlcA substrate. Colonies containing the gusA gene produced a blue color on JMM  
medium with X-GlcA (Figures 3-2 and 3-3).  
3.3.2 Competition between strains  
3.3.2.1 Competitiveness of NN2-1 + NN2-1 (gusA+) 
The nodule occupancy produced by NN2-1 (Table 3-4, Figure 3-4A) was greater 
than that of its own (gusA+) marked strain at all NaCl concentrations. The ratio of 
parental to marked strains varied from around 2:1 at 0-3% NaCl to 3:1 at 4% NaCl. 
The total number of nodules per pot ranged from 29 nodules per pot (at 0 % NaCl) to 
9 per pot (at 4 % NaCl) (Table 3-4). The number of nodules was significantly affected 
by NaCl concentration (p < 0.001, Table 3-5) and decreased with increasing NaCl 
concentration (Figure 3-4A). The inocula affected the number of nodules (p < 0.001, 
Table 3-5A), and there was no significant interaction between NaCl concentration and 
inoculum (p = 0.474, Table 3-5A), suggesting the NaCl did not affect the relative 
nodule occupancies of parental and marked inocula in this treatment. 
3.3.2.2 Competitiveness of RR1128 and RR1128 (gusA+) 
Strain RR1128 also produced a greater number of nodules (Table 3-4, Figure 3-4B) 
than its own (gusA+) marked strain at all NaCl concentrations. The ratio of parental to 
marked strains was around 3:2 at all NaCl concentrations. The total number of 
nodules per pot ranged from 31 nodules per pot (at 1% NaCl) to 10 per pot (at 4% 
NaCl) (Table 3-4) and decreased significantly with NaCl concentration (p < 0.001, 
Table 3-5B), but it did not changed significantly with 1% NaCl compared with the 
control (Table 3-4). Both inocula and NaCl concentration affected the number of 
nodules (p < 0.001 and 0.001 respectively, Table 3-5B). A significant interaction 
between NaCl concentration and the inoculum was observed in this treatment (p =  
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Figure 3-2. Colonies of gusA gene transconjugants (mixture of E.coli and rhizobia) on 
TY medium and subsequent spreading on JMM medium.  
 
 
 
 
 
 
Figure 3-3. Colonies of gusA gene transconjugants (rhizobia) on JMM minimal 
medium (left) and JMM medium supplemented with the X-GlcA substrate (right). 
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Table 3-4. Competitive characteristics for all treatments. 
 
   NN2-1  NN2-1 (gusA+) 
Treatment NaCl (%) Total 
nodule 
number 
per pot 
Nodule 
number 
per pot 
(Blue) 
Nodule 
occupancy 
%  (Blue) 
 Nodule 
number 
per pot 
(Pink) 
Nodule 
occupancy 
% (Pink) 
NN2-1+  
NN2-1 (gusA+) 
0 29±4.4 18±1.6 64±3.3  10±3.3 36±1.6 
1 28±2.9 15±0.6 54±2.0  13±4.9 46±3.1 
2 17±2.9 11±1.8 64±1.2  6±1.2 36±1.1 
3 12±0.9 8±0.9 67±2.3  4±0 33±3.1 
4 9±0.3 7±0 75±2.6  2±2.5 25±8.0 
        
RR1128 +  0 30±2.5 18±1.8 61±1.0  12±0.7 39±1.0 
RR1128 (gusA+) 1 31±0.7 20±1.2 65±2.6  11±0.7 35±2.6 
 2 19±2.3 11±0.9 60±3.1  8±1.5 40±3.1 
 3 13±0.7 9±0.6 67±2.0  4±0.3 33±2.0 
 4 10±1 6±0.7 64±6.9  4±0.9 36±7.0 
        
NN2-1 (gusA+) +  0 34±4.1 21±2 62±4  9±2.3 38±5 
RR1128 1 40±4.7 23±1.2 59±4  17±3.5 41±4 
 2 21±1.3 12±0.9 58±7  9±2.1 42±7 
 3 19±1.8 11±0.9 59±2  8±1.7 41±2 
 4 9±1.7 6±0.7 63±0.3  3±0.3 37±0.3 
        
NN2-1 + 0 34±3.5 20±1.8 58±1.6  14±1.9 42±1.6 
RR1128 (gusA+) 1 37±2.9 22±0.9 60±3.1  15±1.8 40±3.1 
 2 10±1.5 7±0.6 52±11.1  3±2 48±11.1 
 3 12±0.9 9±0.3 75±2.1  3±0.6 25±3.1 
 4 8±0.6 5±0.3 59±6.9  3±0.9 41±7.9 
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Table 3-5. Two-way ANOVA of nodule numbers versus NaCl concentration and 
inocula for all treatments. 
(A) NN2-1 + NN2-1 (gusA+) 
Source DF SS MS F P 
Inocula 1 681.87 170.467 23.90 <0.001 
%NaCl  4 276.03 276.033 38.70 <0.001 
Interaction 4 26.13 6.533 0.92 0.474 
Error 20 142.67 7.133   
Total 29 1126.7    
S = 2.671   R-Sq = 87.34%   R-Sq(adj) = 81.64% 
(B) RR1128 + RR1128 (gusA+) 
Source DF SS MS F P 
Inocula 1 536.133 134.033 43.71 <0.001 
%NaCl  4 218.700 218.700 71.32 <0.001 
Interaction 4 42.133 10.533 3.43 0.027 
Error 20 61.333 3.067   
Total 29 858.300    
S = 1.751   R-Sq = 92.85%   R-Sq(adj) = 89.64% 
(C) NN2-1 (gusA+) + RR1128 
Source DF SS MS F P 
Inocula 1 172.8 172.800 20.99 <0.001 
%NaCl  4 901.67 225.417 27.38 <0.001 
Interaction 4 39.53 9.883 1.20 0.341 
Error 20 164.67 8.233   
Total 29 1278.67    
S = 2.869   R-Sq = 87.12%   R-Sq(adj) = 81.33% 
(D) NN2-1 + RR1128 (gusA+) 
Source DF SS MS F P 
Inocula 1 26.13 26.133 5.41 0.031 
%NaCl  4 1164.33 291.083 60.22 <0.001 
Interaction 4 164.87 41.217 8.53 <0.001 
Error 20 96.67 4.833   
Total 29 1452.00    
S = 2.198   R-Sq = 93.34%   R-Sq(adj) = 90.35% 
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(A)                                 (B) 
 
(C)                                 (D) 
 
Figure 3-4. Nodule occupancies of all treatments: (A) NN2-1 + NN2-1 (gusA+), (B)  
RR1128 + RR1128 (gusA+), (C) NN2-1 (gusA+) + RR1128, (D) NN2-1 + RR1128 
(gusA+). 
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0.027, Table 3-5B) in that the nodule occupancies of both inocula were significantly 
affected by NaCl concentration (Table 3-5B). 
3.3.2.3 Competitiveness of NN2-1 (gusA+) and RR1128 
Strain NN2-1 (gusA+) produced fewer nodules than its parental strain but NaCl had 
no interaction with the inocula, and so it was used to compete with the commercial 
inoculant strain RR1128. In lucerne nodulated by both NN2-1 (gusA+) and RR1128, 
the greatest tota l nodule number was 40 nodules per pot at 1% NaCl (Figure 3-4C, 
Table 3-4) and nodule number per pot then significantly decreased with increasing 
NaCl concentration (p < 0.001, Table 3-5C). The nodule occupancy produced by 
NN2-1 (gusA+) (Figure 3-4C, Table 3-4) was greater than that of strain RR1128 at all 
NaCl concentrations, and the ratio of nodule occupancies of NN2-1 (gusA+) to 
RR1128 was approximately 3:2 with all NaCl concentrations (Table 3-4), but nodule 
occupancies of the two inocula were not significantly affected by NaCl as there was 
no significant interaction between NaCl concentration and inocula (p = 0.341 Table 
3-5C).  
3.3.2.4 Competitiveness of NN2-1 and RR1128 (gusA+) 
In competition with its parental strain, commercial inoculant strain RR1128 was 
less competitive, and the NaCl had interaction with the inoculum, in that NN2-1 was 
increasingly competitive with increased NaCl concentration. The total number of 
nodules per pot was significantly decreased by NaCl concentration (p < 0.001, Table 
3-5D), ranging from 37 nodules per pot (at 1% NaCl) to 8 per pot (at 4 % salinity), 
but did not decrease with only 1% NaCl (Figure 3-4D, Table 3-4). The inocula had a 
significant effect on the number of nodules (p = 0.031, Table 3-5D), and the nodule 
occupancy produced by NN2-1 (Figure 3-4D, Table 3-4) was greater than that of 
strain RR1128 (gusA+) at all NaCl concentrations with an average ratio of 3:2. There 
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was a significant interaction between NaCl concentration and inocula (p < 0.001, 
Table 3-5D) in that the relative occupancy did not vary uniformly with NaCl 
concentration (Table 3-4); therefore, the NaCl concentration significantly affect the 
nodule occupancies of both inocula. 
3.3.3 Symbiotic effectiveness of mixed inocula 
3.3.3.1 NN2-1 vs NN2-1 (gusA+) 
Total mean plant dry weight of inoculated plants ranged from 206 mg (4% NaCl) to 
1891 mg per pot (1% NaCl) (Figure 3-5A, Table 3-6). The lucerne plants produced 
their greatest total plant dry weight per pot at 1% NaCl but were significantly affected 
by greater than 2% NaCl (p < 0.001, Table 3-7A). At 0-4% NaCl, inoculum treatments 
resulted in 137 – 2074% greater total plant dry weight per pot than that of 
uninoculated control plants. Total nodule number reduced with increasing NaCl 
concentration, especially after 1% NaCl (Figrue 3-5B), but in contrast, percentage 
nitrogen content increased (Figure 3-5C). Therefore, % nitrogen increased 
significantly from 0.45 to 2.1% at 2 - 3% NaCl (Figure 3-5D, p < 0.001, Table 3-8A) 
in lucerne and significantly correlated with NaCl concentration (correlation, R2 = 
71.2%).  
3.3.3.2 RR1128 vs RR1128 (gusA+) 
Total plant dry weight of inoculated plants ranged from 132 (0% NaCl) – 1760 mg 
per pot (1% NaCl) (Figure 3-5B, Table 3-6), but were the least among four treatments. 
At 0-4% NaCl, this mixed inoculum resulted in 52 – 1808% greater total plant dry 
weight per pot than that of uninoculated control plants. The greatest total plant dry 
weight per pot appeared at 1% NaCl and was significantly affected by NaCl 
concentration at greater than 2% NaCl (p < 0.001, Table 3-7B) and total nodule 
number reduced with NaCl concentration as well (Figure 3-5B). The nitrogen  
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Table 3-6. Symbiotic effectiveness of all inocula.  
 
Treatment  NaCl (%) Total plant 
dry weight 
(mg per pot) 
% Nitrogen 
(per pot) 
Total plant 
nitrogen (mg) 
Control(uninoculated) 0 87±2.4 0.30±0.008 0.22±0.02 
     
NN2-1 + NN2-1 (gusA+) 0 1760±149 0.32±0.04 4.9±0.08 
 1 1891±40 0.36±0.02 5.8±0.2 
 2 1526±146 0.45±0.03 6.1±0.06 
 3 363±34 2.1±0.12 6.0±0.13 
 4 206±10 3.7±0.16 6.0±0.1 
     
RR1128 + RR1128 (gusA+) 0 1363±74 0.37±0.05 4.6±0.34 
 1 1660±83 0.36±0.04 5.6±0.90 
 2 899±87 0.75±0.1 6.0±0.12 
 3 235±12 3.8±0.13 6.6±0.17 
 4 132±2 7.9±0.12 7.4±0.08 
     
NN2-1 (gusA+) + RR1128 0 1551±117 0.32±0.03 4.4±0.06 
 1 1664±169 0.28±0.03 4.5±0.19 
 2 1470±55 0.33±0.02 4.9±0.12 
 3 276±28 1.93±0.16 5.3±0.15 
 4 138±3 6.8±0.14 5.9±0.15 
     
NN2-1 + RR1128 (gusA+) 0 1671±165 0.30±0.04 4.5±0.08 
 1 1771±124 0.30±0.02 5.0±0.35 
 2 1457±103 0.35±0.03 4.6±0.2 
 3 330±40 2.1±0.02 5.4±0.3 
 4 83±15 4.0±0.03 8.0±0.1 
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(A)                                 (B) 
 
(C)                                 (D) 
 
Figure 3-5. Effect of NaCl concentrations on (per pot) (A) total plant dry weight, (B) 
total nodule number, (C) nitrogen content (mg), (D) % nitrogen for all treatments. 
 
 
 
 
89 
 
 
 
Table 3-7. One-way ANOVA of total plant dry weights versus NaCl concentrations for  
all treatments.  
(A) NN2-1 + NN2-1 (gusA+) 
Source DF SS MS F P 
NaCl concentration 4 6442187 6442187 54.08 <0.001 
Error 10 1548666 119128   
Total 14 7990852    
S = 345.149  R-Sq = 80.6 %  R-Sq(adj) = 79.1 % 
(B) RR1128 and RR1128 (gusA+) 
Source DF SS MS F P 
NaCl concentration 4 5447601 1361900 112.43 <0.001 
Error 10 121133 12113   
Total 14 5568734    
S = 110.1  R-Sq = 97.82 %  R-Sq(adj) = 96.95 % 
(C) NN2-1 (gusA+) + RR1128 
Source DF SS MS F P 
NaCl concentration 4 6615404 1653851 59.65 <0.001 
Error 10 277247 27725   
Total 14 6892651    
S = 166.5  R-Sq = 95.98 %  R-Sq(adj) = 94.37 % 
(D) NN2-1 and RR1128 (gusA+) 
Source DF SS MS F P 
NaCl concentration 4 6920841 1730210 52.49 <0.001 
Error 10 329639 32964   
Total 14 7250480    
S = 181.6  R-Sq = 95.45%  R-Sq(adj) = 93.63% 
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Table 3-8. One-way ANOVA of % nitrogen versus NaCl concentration for all  
treatments.  
(A) NN2-1 + NN2-1 (gusA+) 
Source DF SS MS F P 
NaCl concentration 4 8.435 2.109 9.35 <0.001 
Error 10 2.255 0.225   
Total 14 10.690    
S = 0.4748  R-Sq = 78.91%  R-Sq(adj) = 70.47% 
(B) RR1128 and RR1128 (gusA+) 
Source DF SS MS F P 
NaCl concentration 4 59.423 14.856 19.82 <0.001 
Error 10 7.496 0.750   
Total 14 66.919    
S = 0.8658  R-Sq = 88.80%  R-Sq(adj) = 84.32% 
(C) NN2-1 (gusA+) + RR1128 
Source DF SS MS F P 
NaCl concentration 4 3.8762 0.9691 17.15 <0.001 
Error 10 0.5651 0.0565   
Total 14 4.4414    
S = 0.2377  R-Sq = 87.28 %  R-Sq(adj) = 82.19 % 
(D) NN2-1 and RR1128 (gusA+) 
 
Source DF SS MS F P 
NaCl concentration 4 21.499 5.375 22.10 <0.001 
Error 10 2.432 0.243   
Total 14 23.931    
S = 0.4931  R-Sq = 89.84%  R-Sq(adj) = 85.78% 
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percentage content increased greatly, especially at 3 and 4% NaCl (Figure 3-5C). 
Therefore, % nitrogen increased and was correlated significantly with NaCl 
concentration at greater than 2% NaCl (Figure 3-5D, p < 0.001, Table 3-8B) 
(correlation, R2 = 84.6%). Both nitrogen content and % nitrogen were the greatest 
among all treatments. 
3.3.3.3 NN2-1 (gusA+) vs RR1128 
Total plant dry weight of inoculated plants ranged from 138 mg (4% NaCl) to 1644 
mg per pot (1% NaCl salinity) (Figure 3-5C and Table 3-6). At 0 - 4% NaCl, all mixed 
inoculum treatments resulted in 59 – 1812% greater total plant dry weight per pot than 
that of uninoculated control plants. Inoculated plants again produced their greatest 
total plant dry weight per pot at 1% NaCl salinity. Total plant dry weight was 
significantly reduced by NaCl at greater than 2% (p < 0.001, Table 3-7C). Total 
nodule number also reduced at greater than 2% NaCl, but in this treatment, it had 
greatest total nodule number at 1-3% NaCl among all treatments (Figrue 3-5B). The 
nitrogen content accumulated in plants (Figure 3-5C), as a result of the % nitrogen 
ranging from 0.3% to 6.8% at 0 - 4% NaCl and significantly increasing in plants 
(Figure 3-5D, p <0.01, Table 3-8C) when grown at greater than 2% salinity, and was 
significantly correlated with NaCl concentration (correlation, R2 = 81.6%).  
3.3.3.4 NN2-1 vs RR1128 (gusA+) 
Total plant dry weight ranged from 87 mg (4% NaCl salinity) to 1771 mg per pot 
(1% NaCl salinity) (Figure 3-5A, Table 3-6). Compared with the uninoculated 
treatment, total plant dry weight was significantly affected by salinity at greater than 
2% NaCl (Figure 3-5B, p < 0.001, Table 3-5D), and so was % nitrogen (Figure 3-5D, 
p < 0.001 Table 3-6D), increasing from 0.3% to 4.0% (Table 3-4), which was 
significantly correlated with NaCl concentration (correlation, R2 = 72.9%). Total 
92 
 
nodule number was also reduced by NaCl at greater than 2% NaCl. The nitrogen 
content accumulated in lucerne with increasing NaCl concentration (Figure 3-5C).  
3.4 Discussion 
3.4.1 Competitiveness of parental and gusA marked strains  
One of the important items of information sought in competition studies is the 
competitive ability of the marked strains. In previous studies, the competitiveness 
between the gusA-marked and parental strains showed variations from species to 
species, e.g. the marked strain outcompeted the parental strain or, by contrast, the 
parental strain produced more nodules than the marked strain (Sessitsch et al., 1997, 
Wilson et al., 1999). In this chapter, fewer nodules (around 46% and 33% for NN2-1 
and RR1128 respectively) were produced by the gusA-marked strains than their 
parental strains. That gusA-marked strains were less competitive than their parental 
strains for marked strains was also observed by other researchers (Sessitsch et al., 
1997) when the gusA gene was initially inserted and applied in rhizobia, whereas 
others showed that there was no statistically significant difference between parental 
and marked strains (Shamseldin and Werner 2004, Denton et al., 2003, Mrabet et al., 
2005), suggesting they are as competitive as each other or even more competitive 
(Anyango et al., 1998).   
Nodule occupancies between parental and marked strains of NN2-1 and RR1128 
respectively showed that parental strains produced greater nodule occupancies than 
that of marked strains at all NaCl concentrations. This may result from the 
interruption of genes related to nodulation or infection during symbiosis and was 
observed in several other studies (Sessitsch et al., 1997, Wilson et al., 1999, Anyango 
1998). In these treatments above, both ratios of nodule occupancies were around 3:2 
for parental to gusA-marked strains at all NaCl concentrations, which was not as 
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expected according to previous research (Sessitsch et al., 1997, Wilson et al., 1999, 
Denton et al., 2003) in which the gusA-marked strain possibly had equal 
competitiveness to the parental strain, whereas the gusA-marked strains here were less 
competitive on lucerne and produced fewer nodules in this chapter.  
In competition between NN2-1 and its gusA marked strain, NaCl had no interaction 
with nodule number of both inocula, and so the nodule occupancies of both inocula 
depended on their natural symbiotic abilities to form nodules with lucerne, whereas 
for strain RR1128 and its gusA-marked strain, in contrast, the NaCl interacted with 
the inocula, to produce less occupancy than expected for the parental strain at greater 
NaCl concentrations; thus their nodule occupancy and the natural symbiotic ability 
were possibly affected by NaCl. The random insertion of the gusA gene seems to have 
interfered with NaCl tolerance in RR1128 more than with NN2-1, perhaps because it 
interrupted the expression of salt-tolerance genes. 
3.4.2 Competitiveness between strain NN2-1 and commercial inoculant RR1128 
The most reliable criterion for competitiveness between strains inoculated in equal 
proportions was proposed as nodule occupancies not being significantly different 
from 50% each (Streit et al., 1995, Sessitsch et al., 1997). From results of 
competitiveness in this chapter, where the ratio of inoculated strains was 1:1, and the 
marked strains were less than 50% in nodule occupancy, suggests that both strains 
were suitable to test further competitiveness with each other, but only if both 
gusA-marked and unmarked strains are used as competitors.  
Although NN2-1 and the commercial inoculant strain RR1128 were similar in 
effectiveness and salt tolerance in chapter 2, and the natural characteristics of strains 
for symbiosis are considered as the primary selection for a competition study 
(Sessitsch et al., 1997), they may still have difference in competitiveness. NN2-1 was 
more competitive and so formed more of the nodules on lucerne. Evidence for this 
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comes from considering the relative ratios of nodules occupancy of gusA-marked and 
unmarked strains of each inoculums. In the treatment of NN2-1 (gusA+) + RR1128, 
strain NN2-1 (gusA+) produced and occupied more nodules than RR1128 at all NaCl 
concentrations at a ratio of 3:2. Although the insertion of the gusA gene may affect the 
symbiotic ability of gusA-marked strains (Sessitsch et al., 1997, Wilson et al., 1999, 
Anyango 1998), the gusA-marked NN2-1 still outcompeted the commercial inoculant 
strain RR1128 at all NaCl concentrations (ratio of nodule occupancies was 3:2). The 
ratio of nodule occupancy was around 3:2 for NN2-1 (gusA+) to RR1128 and 2:3 for 
NN2-1(gusA+) to NN2-1 above, whereas the ratio for NN2-1 (gusA+):RR1128 was 
not 1:1 but approximately 9:4. Nodule occupancy by NN2-1 had no interaction with 
NaCl, and so the symbiotic abilities of strain NN2-1 or NN2-1 (gusA+), including 
infection, nodulation and nodule development, were possibly more competitive than 
either unmarked or gusA-marked strain RR1128 (which had interaction between NaCl 
and inocula). The nodule occupancies were around 3:2 for NN2-1 (gusA+) to RR1128 
and 2:3 for NN2-1(gusA+) to NN2-1 above, whereas NN2-1 and RR1128 (gusA+) was 
not 3:1 but approximately 9:4. This comes from considering the relative ratios of 
nodule occupancy with treatment combinations: 
NN2-1 : NN2-1 (gusA+) = 3:2 
NN2-1(gusA+) : RR1128 = 3:2 
RR1128 : RR1128 (gusA+) = 3:2 
RR1128 (gusA+) : NN2-1 = 4:9 
Therefore ratio of NN2-1 : RR1128 = 3x3x3x4 : 2x2x2x9 = 108:72 = 3:2. 
Although the insertion of gusA gene may have interrupted the symbiotic ability of 
nodulation or infection in both treatments, together with the natural symbiotic and 
competitive characteristics, marked or unmarked strains still showed various 
responses to competition (Sessitsch et al., 1997, Wilson et al., 1999, Anyango 1998) 
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and NN2-1 was more competitive than RR1128. In chapter 2, both single incula 
produced equal or similar nodule numbers at 0-3% NaCl concentrations, and therefore, 
the ratios of nodule occupancies in competition treatments between NN2-1 and 
RR1128 were expected to be around 1:1. Surprisingly, the competition treatments 
showed that the strain NN2-1 was more competitive than RR1128. 
Similarly, in others’ studies the nodule occupancy of the gusA-marked strain to its 
opponent varied from species to species in different treatments (with the ratio of 
inoculants 1:1) to as great as 7:3 (Denton et al., 2003) and as little as 1:5 (Sessitsch et 
al., 1997), as a result of different competitiveness combined with natural symbiotic 
effectiveness of strains (Sessitsch et al., 1997, Wilson et al., 1999). Competitiveness 
varied on host legumes with similarly or unequally effective strains at the same NaCl 
concentration (Anyango 1998) and even at 0.2% NaCl (34.2 mM NaCl), the 
salt-sensitive strain EBRI2 was more competitive than the salt-resistant strain EBRI26 
(Shamseldin and Werner 2004).  
Unfortunately direct comparisons with single inocula were not possible because the 
total plant dry weight and nodule number per pot were six times greater than that of 
single inocula at 0-2% NaCl concentration in chapter 2, and for control plants, it was 
almost twice those in chapter 2. This could be due to the improvement of inoculation 
and planting techniques during the experiments or the effect of co-inoculation in this 
chapter. Therefore it was not possible too compare the effectiveness of these dual 
inocula with the single inocula of their parental strains in that it is not possible to 
determine if the effectiveness was improved by co-inoculating with mixed strains in 
this chapter.  
3.4.3 Effectiveness of mixed inocula in all treatments 
The greatest total nodule number was found at 1% NaCl in all treatments, and so 
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was the greatest total plant dry weight at the same NaCl concentration, as a result of 
the salt tolerance of both parental strains, because they both showed salt tolerance up 
to 4% NaCl whether on YMA or in liquid medium. However, the total plant dry 
weight of mixed inocula decreased and was significantly affected by greater than 2% 
NaCl in all treatments. At 4% NaCl, plants still produced four times the dry weight 
per pot of the uninoculated plants, showing the salt tolerance of both the plants and 
the rhizobia. 
RR1128 and its gusA-marked strain produced the greatest total nodule number at 
all NaCl concentrations among all treatments but had the least total plant dry weight, 
unlike NN2-1 and its gusA-marked strain, which produced the greatest total plant dry 
weight but with the third least total nodule number among all treatments. This 
emphasizes that large nodule numbers often characterize less effective rhizobial 
symbioses and that greater benefits are generally obtained with fewer larger nodules 
(Vincent 1970). 
Nitrogen (%) of plants in all treatments was significantly increased with NaCl 
concentration as found in chapter 2. The accumulation of nitrogen may reflect the 
accumulation of solutes including nitrate, inorganic solutes (Na+,K+ etc.), amino acids, 
and quaternary ammonium in vacuoles for osmotic adjustment and turgor regulation 
(Pessarakli et al., 1989) as discussed in chapter 2. The strong positive relationship 
between plant dry weight and nitrogen content suggests that plant growth was directly 
dependent on nitrogen availability in the nitrogen-free medium, as for Medicago 
sativa and Melilotus sp. (Rogers et al., 2003 and 2008). In this chapter, however, large 
% nitrogen was accumulated in plants but did not increase the growth of host legumes 
at NaCl concentrations greater than 2%, especially in the treatment with RR1128 and 
its gusA-marked strain, which accumulated the greatest % nitrogen; however, those 
high accumulations did not contribute to great total plant dry weight, indicating 
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RR1128 and its gusA marked strain were more easily affected by NaCl than NN2-1. 
By contrast, NN2-1 and its gusA-marked strain provided and transformed the nitrogen 
into total plant dry weight more efficiently than RR1128; therefore, it was more 
effective and competitive than the commercial inoculant strain RR1128.  
Though the insertion of the gusA gene may cause variation in symbiotic 
effectiveness and competitiveness (Willson et al., 1995), the total plant dry weight, 
total nodule number and % nitrogen were still greater than in control plants in this 
study. This could be attributed to mixed inoculation and the combination of parental 
and marked strains because the parental strain could complement the defects of the 
gusA-marked strain during symbiosis in all treatments. The mixed inoculation of 
tested strains on lucerne resulted in greater symbiotic effectiveness in this chapter 
than in chapter 2.  
3.5 Conclusion 
  It was shown that strain NN2-1 was more effective than the commercial strain 
RR1128. Although the insertion of the gusA gene reduced nodulation in both strains 
when competing with their parental strains, both strain NN2-1 and its gusA-marked 
strain still outcompeted RR1128 with or without NaCl, and were possibly more 
effective in providing and transforming nitrogen content to total plant dry weight. It 
was concluded that strain NN2-1 could be used as a new inoculum to replace the 
commercial inoculant strain RR1128 for lucerne in saline soils.  
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Chapter 4 Randomly amplified polymorphic DNA of 
salt-tolerant and non-salt-tolerant rhizobia 
4.1 Introduction 
  Some rhizobia were confirmed to be salt-tolerant, symbiotically effective and 
competitive in chapters 2 and 3. The rhizobial strains, in chapter 3, showed variation 
in salt tolerance even when they were collected from same sites. Combined with 
symbiotic effectiveness and competitiveness, salt tolerance enhances the chance of 
survival of strains in soils and symbiosis with legume plants under salinity. As a result, 
the salt tolerance of rhizobia is critical for symbiosis in that it facilitates the survival 
and growth of rhizobial strains in saline conditions and, in particular, is one of the key 
mechanisms to enhance the symbiosis under saline conditions (Cordovilla et al., 1999, 
Zahran 1999). Salt tolerance of rhizobia has a complex regulatory mechanism, and 
many genes are involved (Zahran 1999, Wei et al., 2004). One mechanism that 
rhizobia use to resist the osmotic environment is the accumulation of 
low-molecular-weight organic compounds (Le Rudulier et al., 1984). These 
low-molecular-weight organic solutes, called osmolytes, maintain an osmotic 
difference between the cell and its outer environment (Measures 1975, Yancey et al., 
1982, Le Rudulier et al., 1984, Boscari et al., 2002). Most salt-tolerance genes found 
so far are related to osmolyte production, e.g. betaine, glycine-betaine etc.. The 
location of some salt-tolerance genes has been proposed as plasmid DNA, whereas 
others have been proposed to be in chromosomal DNA (Csonka 1994, 
Domeinguez-Ferreras et al., 2006). By the use of transposon insertion to rhizobia in 
genes related to salt tolerance mechanisms, such as osmolyte metabolism and 
biochemical synthesis, these were proposed as salt-tolerance genes in chromosomal or 
plasmid DNA that directly or indirectly affected the salt tolerance of rhizobia. 
99 
 
Therefore, it is possible that salt tolerance genes can be found in genomic DNA and 
plasmids by amplifying the DNA and finding amplicons in salt-tolerant but not 
non-salt-tolerant rhizobia.  
The randomly amplified polymorphic DNA (RAPD) technique has been used to 
compare rhizobial communities previously. This technique uses short arbitrary 
primers to amplify regions of sample DNA (Handley et al., 1998, Franklin et al., 
1999). Individual strains contain different DNA sequences that are amplified and 
discriminated by electrophoresis in that a primer attaches to some DNA but not others 
and produces DNA fragments. Those DNA fragments are then separated on agarose 
gel to produce DNA fingerprints (Williams et al., 1990). For example, the RAPD 
profiles were used to show a high level of genetic polymorphism among isolates of 
Rhizobium leguminosarum bv. viciae and to discriminate their genetic differences 
(Mostchetti et al., 2005). This method is not expensive, fast and requires only small 
amount of DNA (0.5-50 ng) (Williams et al., 1990; Franklin et al., 1999).  
4.1.1 Aims 
In this chapter, RAPD was tested first to find DNA amplicons in salt-tolerant but 
not non-salt-tolerant rhizobia that might be genetic markers for genes possibly 
involved in salt tolerance of rhizobia.  
4.2 Materials and Methods 
Rhizobial strains used in this study were as collected and described as in chapter 2, 
and four salt-tolerant (NN2-1, NN1-3, RR1128, and DN1-1) and four 
non-salt-tolerant isolates (NN1-1, NN1-2, NN2-6, DN2-1) were selected. YMA 
medium as described by Vincent (1970) was used to restreak and subculture strains.  
For the preparation of genomic DNA, rhizobial strains were grown in YM liquid 
medium (10 g mannitol, 0.5 g K2HPO4, 0.2 g MgSO4.7H2O, 0.2 g NaCl, 0.00488 g 
100 
 
FeCl3, 0.4 g yeast extract per litre). Rhizobial cells were pelleted by centrifugation 
and resuspended in 0.4 ml sterilized water. All samples were incubated at 100°C for 
15 min. Proteins were removed by phenol–chloroform treatment (Chomczynski et al., 
1987), in which 20 µl of phenol-chloroform (Sigma-Aldrich) was mixed with each 
sample. The upper aqueous phase was removed to a new tube and 2.5 X volumes of 
100% ethanol was added to precipitate the DNA. The mixture was left at –20ºC for 10 
min and the centrifuged at 17,900 g for 20 min at 4 ºC. The sample was washed with 
70% ethanol, then centrifuged at 17,900 g for 10 min and pellet was air-dried 
overnight. Finally, the DNA was dissolved in 50 µl sterilized water. DNA 
concentration was measured by spectrophotometer (Biophotometer Plus, Eppendorf).  
For Random Amplified Polymorphic DNA (RAPD) analysis, the 20-primer set 
OPM, OPA and OPB (Operon Technologies) were used to test DNA from alt-tolerant 
and non-salt-tolerant rhizobial strains. Each RAPD reaction was performed in a final 
volume of 25 µl of 1× reaction buffer (10 mM Tris–HCl, 50 mM KCl, 2.5 mM MgCl2) 
50 ng of DNA primers, 0.5 U of Taq DNA-polymerase, and 0.2 mM dNTPs and 
contained 20 ng DNA template. The PCR reaction was carried out in a GeneAmp 
2400 Thermocycler (PerkinElmer). The following conditions were used: 1cycle at 95 
°C for 10 min; 35 cycles of 95°C for 1 min, 37°C for 1 min, and 72°C for 1 min; 
1cycle at 72°C for 10 min. After amplification, 10 µl of the PCR products was 
electrophoresed in 1.2% (w/v) agarose gels for 1.5 h and visualised by ethidium 
bromide staining on a Biorad GelDoc as before.  
4.3 Results 
4.3.1 RAPD profiles with OPA primers 
  Among the OPA primers (OPA 1, 2, 3, 4, 9 and 11), 6 out of 17 primers resulted in 
DNA patterns on the gel, whereas the other primers did not (Figures 4-1-4-5). All  
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Figure 4-1. RAPD profile with OPA1, OPA2, OPA3 and OPA4 of salt-tolerant 
rhizobia (Lane 2: NN2-1, Lane 3: RR1128, Lane 4: NN1-3, Lane 5: DN1-1) and 
non-salt-tolerant rhizobia (Lane 6: NN2-6, Lane 7: DN2-1, Lane 8: NN1-1, Lane 9: 
NN1-2). Lane 1 is the blank (no DNA). M = GeneRuler 100Plus (Fermentas). 
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Figure 4-2. RAPD profile with OPA7, OPA8, OPA9 and OPA10 of salt-tolerant 
rhizobia (Lane 2: NN2-1, Lane 3: RR1128, Lane 4: NN1-3, Lane 5: DN1-1) and 
non-salt-tolerant rhizobia (Lane 6: NN2-6, Lane 7: DN2-1, Lane 8: NN1-1, Lane 9: 
NN1-2). Lane 1 is the blank (no DNA). M = GeneRuler 100Plus (Fermentas). 
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Figure 4-3. RAPD profile with OPA11, OPA12, OPA13 and OPA14 of salt-tolerant 
rhizobia (Lane 2: NN2-1, Lane 3: RR1128, Lane 4: NN1-3, Lane 5: DN1-1) and 
non-salt-tolerant rhizobia (Lane 6: NN2-6, Lane 7: DN2-1, Lane 8: NN1-1, Lane 9: 
NN1-2). Lane 1 is the blank (no DNA). M = GeneRuler 100Plus (Fermentas). 
3000 bp 
 
2000 bp 
1500 bp 
1200 bp 
1000 bp 
900 bp 
 
 
500 bp 
400 bp 
300 bp 
 
200 bp 
 
100 bp 
3000 bp 
 
2000 bp 
1500 bp 
1200 bp 
1000 bp 
900 bp 
 
 
500 bp 
400 bp 
300 bp 
 
200 bp 
 
100 bp 
M  1  2   3  4   5  6  7  8  9 
M  1  2  3  4   5  6  7  8   9 
M  1   2  3  4   5  6  7  8  9 
M  1  2  3  4   5  6   7  8  9 
104 
 
 
 
 
OPA15                           OPA16 
 
 
OPA17                           OPA19 
 
Figure 4-4. RAPD profile with OPA15, OPA16, OPA17 and OPA18 of salt-tolerant 
rhizobia (Lane 2: NN2-1, Lane 3: RR1128, Lane 4: NN1-3, Lane 5: DN1-1) and 
non-salt-tolerant rhizobia (Lane 6: NN2-6, Lane 7: DN2-1, Lane 8: NN1-1, Lane 9: 
NN1-2). Lane 1 is the blank (no DNA). M = GeneRuler 100Plus (Fermentas). 
3000 bp 
 
2000 bp 
1500 bp 
1200 bp 
1000 bp 
900 bp 
 
 
500 bp 
400 bp 
300 bp 
 
200 bp 
 
100 bp 
3000 bp 
 
2000 bp 
1500 bp 
1200 bp 
1000 bp 
900 bp 
 
500 bp 
400 bp 
300 bp 
 
200 bp 
 
100 bp 
M  1  2   3  4  5  6  7  8  9 M  1  2   3  4   5  6  7  8  9 
M  1  2  3  4   5  6  7  8  9 M   1  2  3  4   5  6  7  8  9 
105 
 
 
 
 
 
 
 
 
 
OPA20 
 
Figure 4-5. RAPD profile with OPA20 of salt-tolerant rhizobia (Lane 2: NN2-1, Lane 
3: RR1128, Lane 4: NN1-3, Lane 5: DN1-1) and non-salt-tolerant rhizobia (Lane 6: 
NN2-6, Lane 7: DN2-1, Lane 8: NN1-1, Lane 9: NN1-2). Lane 1 is the blank (no 
DNA). M = GeneRuler 100Plus (Fermentas). 
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strains had a single band of around 600 bp with OPA1 (Figure 4-1). Primers OPA2 
and OPA4 resulted in different patterns for all isolates; however, none of the DNA 
bands appeared only in salt-tolerant but not in non-salt-tolerant rhizobia (Figure 4-1). 
RAPD-PCR with OPA3 resulted in same DNA patterns for all salt-tolerant isolates, 
whereas the non-salt-tolerant NN1-1 and NN1-2 had different patterns (Figure 4-1). 
No DNA fragment was specific to salt-tolerant or non-salt-tolerant isolates. Primer 
OPA7 amplified only a 1350 bp band in strain NN1-1. A similar size of DNA 
fragment was also amplified with OPA9 in strains DN1-1, NN2-1 and NN1-2 (Figure 
4-2), whereas a 500 bp band appeared in strain NN1-1 with OPA11. With OPA11, a 
1350 bp DNA fragment was produced from strains DN1-1 and DN2-1 and a 450 bp 
band appeared in NN1-1 (Figure 4-3). The only other reaction was a 1350 bp 
amplicon with OPA18 (Figure 4-4). No RAPD profile appeared only in all 
salt-tolerant isolates or only in non-salt-tolerant isolates. All other OPA primers 
produced no DNA fragment for any strains (Figures 4-2-4-5).  
4.3.2 RAPD profiles with OPB primers 
RAPD profiles were obtained from 6 out of 17 OPB primers as follows: OPB1, 4, 5, 
6, 7, 12, 16, 18 and 19 (Figures 4-6-4-10). There were no specific or similar DNA 
fragments to any salt-tolerant or non-salt-tolerant strains. With OPB1, 4 and 6 
(Figures 4-6 and 4-7), DNA amplicon patterns of the salt-tolerant DN1-1, DN2-1 and 
NN1-2 were similar with OPB7 (Figures 4-6-4-7), whereas that of the salt-tolerant 
DN1-1 was similar to the non-salt-tolerant DN2-1 and NN1-2 (Figure 4-7). With 
OPB12, all patterns were the same except from strains NN1-1 and NN1-2 (both not 
sal-tolerant) (Figure 4-8). With OPB15, a 700 bp fragment was found in strain DN2-1 
(non-salt-tolerant) (Figure 4-8) and a 900 bp fragment was also appeared in this strain 
with OPB16 (Figure 4-19), but there was no reaction with other strains. A 700 bp  
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Figure 4-6. RAPD profile with OPB1, OPB3, OPB4 and OPB5 of salt-tolerant 
rhizobia (Lane 2: NN2-1, Lane 3: RR1128, Lane 4: NN1-3, Lane 5: DN1-1) and 
non-salt-tolerant rhizobia (Lane 6: NN2-6, Lane 7: DN2-1, Lane 8: NN1-1, Lane 9: 
NN1-2). Lane 1 is the blank (no DNA). M = GeneRuler 100Plus (Fermentas). 
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Figure 4-7. RAPD profile with OPB6, OPB7, OPB8 and OPB9 of salt-tolerant 
rhizobia (Lane 2: NN2-1, Lane 3: RR1128, Lane 4: NN1-3, Lane 5: DN1-1) and 
non-salt-tolerant rhizobia (Lane 6: NN2-6, Lane 7: DN2-1, Lane 8: NN1-1, Lane 9: 
NN1-2). Lane 1 is the blank (no DNA). M = GeneRuler 100Plus (Fermentas). 
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Figure 4-8. RAPD profile with OPB10, OPB12, OPB14 and OPB15 of salt-tolerant 
rhizobia (Lane 2: NN2-1, Lane 3: RR1128, Lane 4: NN1-3, Lane 5: DN1-1) and 
non-salt-tolerant rhizobia (Lane 6: NN2-6, Lane 7: DN2-1, Lane 8: NN1-1, Lane 9: 
NN1-2). Lane 1 is the blank (no DNA). M = GeneRuler 100Plus (Fermentas). 
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Figure 4-9. RAPD profile with OPB16, OPB17, OPB18 and OPB19 of salt-tolerant 
rhizobia (Lane 2: NN2-1, Lane 3: RR1128, Lane 4: NN1-3, Lane 5: DN1-1) and 
non-salt-tolerant rhizobia (Lane 6: NN2-6, Lane 7: DN2-1, Lane 8: NN1-1, Lane 9: 
NN1-2). Lane 1 is the blank (no DNA). M = GeneRuler 100Plus (Fermentas). 
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OPB20 
 
Figure 4-10. RAPD profile with OPB20 of salt-tolerant rhizobia (Lane 2: NN2-1, 
Lane 3: RR1128, Lane 4: NN1-3, Lane 5: DN1-1) and non-salt-tolerant rhizobia 
(Lane 6: NN2-6, Lane 7: DN2-1, Lane 8: NN1-1, Lane 9: NN1-2). Lane 1 is the blank 
(no DNA). M = GeneRuler 100Plus (Fermentas). 
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fragment appeared in strain DN2-1 (non-salt-tolerant) with OPB19 and DN1-1 
(salt-tolerant) in RAPD profile with OPB19 but non other strains.  
4.3.3 RAPD profiles with OPM primers 
  Primers OPM 4, 5, 6, 7, 9, 10 and 17 produced amplicons for most or all strains, 
primers OPM 8 and 12 only with one to two strains and the other produced no bands 
(Figure 4-11-4-14). Similar patterns for all salt-tolerant strains except NN2-1 and 
non-salt-tolerant strains DN2-1 and NN1-2 were found with OPM4 (Figure 4-11). 
There were no common bands for salt-tolerant but not non-salt-tolerant strains with 
OPM5, OPM6 and OPM10 (Figures 4-11-4-12). Primers OPM7 (Figure 4-12) and 
OPM17 (Figure 4-14) amplified identical DNA patterns for all strains (except NN1-2 
with OPM7), and except DN1-1 and NN1-2 with OPM17. A 500 bp band was found 
in both salt-tolerant and non-salt-tolerant strains with OPM17 and there was no 
discrimination between salt-tolerant and non-salt-tolerant strains. OPM9 amplified a 
500 bp and a 700 bp fragment in three out of four salt-tolerant strains (not NN2-1) and 
two out of four non-salt-tolerant strains (not NN2-6 and NN1-1). Several DNA 
fragments were obtained with OPM12, but there was no consistency within 
salt-tolerant or non-salt-tolerant strains. 
4.4 Discussion 
In this chapter, only four OPA primers (OPA1, 2, 3 and 4), four OPB primers 
(OPB6, 7, 12, 18) and four OPM primers (OPM6, 7, 10, 17) amplified diverse RAPD 
profiles for all strains and could be used for genotype classification, and no RAPD 
profiles produced specific DNA fragments only shown DNA from in salt-tolerant but 
not non-salt-tolerant rhizobia. Some OPB primers showed similar or identical DNA 
patterns on both salt-tolerant or non-salt-tolerant rhizobial strains, which made it 
difficult to distinguish the DNA patterns between salt-tolerant and non-salt-tolerant or  
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Figure 4-11. RAPD profile with OPM2, OPM4, OPM5 and OPM6 of salt-tolerant 
rhizobia (Lane 2: NN2-1, Lane 3: RR1128, Lane 4: NN1-3, Lane 5: DN1-1) and 
non-salt-tolerant rhizobia (Lane 6: NN2-6, Lane 7: DN2-1, Lane 8: NN1-1, Lane 9: 
NN1-2). Lane 1 is the blank (no DNA). M = GeneRuler 100Plus (Fermentas). 
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Figure 4-12. RAPD profile with OPM7, OPM8, OPM9 and OPM10 of salt-tolerant 
rhizobia (Lane 2: NN2-1, Lane 3: RR1128, Lane 4: NN1-3, Lane 5: DN1-1) and 
non-salt-tolerant rhizobia (Lane 6: NN2-6, Lane 7: DN2-1, Lane 8: NN1-1, Lane 9: 
NN1-2). Lane 1 is the blank (no DNA). M = GeneRuler 100Plus (Fermentas). 
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Figure 4-13. RAPD profile with OPM11, OPM12, OPM13 and OPM14 of 
salt-tolerant rhizobia (Lane 2: NN2-1, Lane 3: RR1128, Lane 4: NN1-3, Lane 5: 
DN1-1) and non-salt-tolerant rhizobia (Lane 6: NN2-6, Lane 7: DN2-1, Lane 8: 
NN1-1, Lane 9: NN1-2). Lane 1 is the blank (no DNA). M = GeneRuler 100Plus 
(Fermentas). 
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OPM15                           OPM16 
 
 
OPM17                          OPM18 
 
Figure 4-14. RAPD profile with OPM15, OPM16, OPM17 and OPM18 of 
salt-tolerant rhizobia (Lane 2: NN2-1, Lane 3: RR1128, Lane 4: NN1-3, Lane 5: 
DN1-1) and non-salt-tolerant rhizobia (Lane 6: NN2-6, Lane 7: DN2-1, Lane 8: 
NN1-1, Lane 9: NN1-2). Lane 1 is the blank (no DNA). M = GeneRuler 100Plus 
(Fermentas). 
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OPM19                          OPM20 
 
Figure 4-15. RAPD profile with OPM19, OPM20 of salt-tolerant rhizobia (Lane 2: 
NN2-1, Lane 3: RR1128, Lane 4: NN1-3, Lane 5: DN1-1) and non-salt-tolerant 
rhizobia (Lane 6: NN2-6, Lane 7: DN2-1, Lane 8: NN1-1, Lane 9: NN1-2). Lane 1 is 
the blank (no DNA). M = GeneRuler 100Plus (Fermentas). 
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within each category.  
There was no difference between salt-tolerant and non-salt tolerant rhizobial strains 
in all three primer sets, suggesting the salt tolerance genes possibly existed in both 
types of strains so that it was not possible to distinguish both types by means of DNA 
fingerprinting. Such genes may be differentially expressed in the presence of salinity 
instead. Therefore, how the salt tolerance genes function or are involved in salt 
tolerance of rhizobia is relevant; if they are present in all but constitutive in some and 
facultative or not rxpressed in others would result in phenotypes of salt-tolerance or 
non-salt-tolerance. Unfortunately RAPDs could not distinguish or discriminate any 
specific DNA fragment involved in salt tolerance in this chapter.  
PCR has mostly been used to show RAPD profiles with diversity in taxonomy and 
genotypic discrimination of bacteria and in general, including rhizobia (Franklin et al., 
1999, Tamini 2002). Some OPA primers produced similar or identical DNA patterns 
with different rhizobial strains, suggesting those strains were genetically relatively 
close to one another. RAPD primers are short in sequence and are used to amplify 
random regions of sample DNA since there should be many sites for primers to attach 
and anneal (Busse et al., 1996), however, several OPA primers did not amplify any or 
only a few DNA fragments from strains and in many cases DNA was not only 
amplified from a few strains in this chapter. As a result, no fragment specific to 
salt-tolerant or non-salt-tolerant rhizobia was found. Strains varied in binding to 
primers. For example, DNA from strain NN2-1 produced amplicons only with eight 
primers, whereas DNA from strain NN1-1 produced the most, as a result of low 
attachment of random primers to the DNA template from strain NN2-1 relative to 
NN1-1 (Penner et al., 1993).  
Operon primer sets varied in the proportion of primers that reached with the DNA 
from the strains. More RAPD profiles were obtained by using OPM primers (9 out of 
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18 primers, 50%) than the other two sets of primer (OPA 35% and OPB 41%). The 
specificity of primers, even with small differences in sequences, affects the profile of 
PCR results even on taxonomically related species (Franklin et al., 1999).  
All isolates were sampled from same or different sites from Melbourne, whereas 
isolates produced different or identical RAPD profiles with three different sets of 
primers that were unrelated to origin. For example, strains (including all salt-tolerant 
and non-salt-tolerant), from same site produced different amplicon patterns with some 
primers, whereas in a few cases they produced very similar patterns with other 
primers. Both salt-tolerant and non-salt-tolerant strains produced similar or identical 
amplicon patterns within the same group or different groups with the random primers, 
while with the same random primers, different amplicon patterns were observed in all 
salt-tolerant and non-salt-tolerant strains. The banding variation that is found during 
PCR amplification has often greatly differed between laboratories and species due to 
the attachment of primers and the differences among strains (Penner et al., 1993). 
Therefore, with all results, it was not possible to discriminate bands found only in 
salt-tolerant but not non-salt-tolerant strains in this chapter.  
4.5 Conclusion 
The RAPD method was tested as a means to find genetic markers for salt tolerance 
of rhizobia. RAPD profiles showed different and mixed patterns for both types of 
rhizobial strains and therefore it was not possible to discriminate salt-tolerant from 
non-salt-tolerant rhizobia. Either any genes involved in salt tolerance existed in both 
types of rhizobia and were expressed differently with regard to NaCl or the primers 
did not bind to relevant parts of the DNA involved in salt tolerance. Those three sets 
of RAPD primers were therefore not sufficient to find genetic markers for salt 
tolerance DNA from those strains of rhizobia, but may be useful for their information 
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on genetic diversity in general.  
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Chapter 5  Identification of genes involved in salt tolerance 
of rhizobia 
5.1 Introduction 
Rhizobia confirmed to be salt-tolerant and symbiotic effective are able to maintain 
nitrogen fixation at different salinities and facilitate the growth and survival of host 
legumes (Cordovilla et al., 1999). In chapter 3, the collected salt-tolerant rhizobia 
showed differences in salt tolerance on YMA and symbiotic effectiveness with 
lucerne, but maintained growth and provided nitrogen to lucerne at up to 3% NaCl 
concentrations in Chapters 2 and 3. The selected strain NN2-1 produced equal 
symbiotic effectiveness to the commercial inoculant srain RR1128 and maintained its 
function of nitrogen fixation, suggesting that the salt tolerance of rhizobia played an 
important role in supporting their function and, in particular, the survival of strains 
under NaCl salinity (Zahran 1999). Therefore, salt tolerance of rhizobia is one of the 
key mechanisms to enhance the symbiosis under saline conditions (Cordovilla et al., 
1999, Zahran 1999).  
5.1.1 RAPD profiles  
To investigate the salt tolerance and genes involved in salt-tolerant rhizobia, in 
chapter 4, the RAPD profiles were tested to differentiate the DNA patterns found only 
in salt-tolerant rhizobia but not in non-salt-tolerant ones, but no specific DNA 
products could be differentiated in all salt-tolerant but not in all non-salt-tolerant 
rhizobial strains. The conclusion from chapter was that the salt tolerance genes 
possibly existed in both types of rhizobia already and so it was more likely that their 
expression was different. As observed by Wei et al. (2004), salt tolerance of rhizobia 
has a complex regulatory mechanism and many genes are possibly involved. This 
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triggers further questions as to what kinds of genes are involved in tolerance to saline 
conditions in those salt-tolerant but not non-salt-tolerant strains and whether or not 
they are transcribed into mRNA when challenged with NaCl as well.  
5.1.2 The direction of genes involved in salt tolerance of rhizobia 
  The main mechanism found so far that rhizobia used is the accumulation of 
low-molecular-weight organic compounds (Le Rudulier et al., 1984), and most of the 
salt-tolerance genes were found to be related to osmolytes, e.g. betaine, 
glycine-betaine etc. and were determined using Tn5 transposon insertion to create the 
salt-sensitive mutants of rhizobia or E. coli. The genes that are relevant have 
extensive functions in accumulation, metabolism and catabolism of those osmolytes 
in the cell, e.g. omp10 (encoding a cell outer memberane protein), relA (encoding (p) 
ppGpp synthetase), noeJ-homolog (encoding a mannose-1-phosphate 
guanylyltransferase involved in lipopolysaccharide biosynthesis) (Nogales et al., 2002, 
Wei et al., 2004). Therefore, in this direction, there are still many genes involved in 
salt tolerance to be discovered and discussed, especially the functions on 
accumulative, metabolic and catabolic of those osmolytes.  
  The bet genes, involved in obtaining betaine, choline-betaine and glycine-betaine, 
have been extensively found and studied in sinorhizobia (Pocard et al., 1997, 
Boncompagni et al., 2000, Boscari et al., 2002) and their sequences are available in 
databases such as GenBank. S. meliloti accumulates large amount of periplasmic 
β-(1→2)-glucan that required for osmoprotection at low-osmolarity (Zorreguieta et al. 
1990). Mutation of the ndv genes resulted in reduction in cell growth rate under 
low-osmolarity conditions (18 mosM) and synthesis of glucans (Dyland et al., 1990, 
Bahgwat et al., 1996, Chen et al., 2002). In chapter 2, the collected salt-tolerant 
sinorhizobia showed different salt tolerances when subcultured on YMA medium. 
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Therefore, to investigate the variation in salt tolerance in those strains, the sequences 
of common salt tolerance genes, e.g. bet or ndv, were easily to be found and used as a 
model sequence to design the primers for further study of salt tolerance in these 
strains. It was expected that bet and ndv genes would be found in these rhizobia.  
5.1.3 Aims 
The aims of this chapter were to design the degenerate or specific primers to 
sequences to known salt tolerance genes to amplify these regions in salt-tolerant 
rhizobia collected in chapter 2, and to identify, characterise and analyse genomic 
DNA and RNA involved in salt tolerance in these rhizobia.  
5.2 Materials and Methods 
5.2.1 Degenerate primers 
Four salt tolerant rhizobia (NN2-1, RR1128, DS2 and DN4-2) and four non salt 
tolerant rhizobia (DN1-1, DN1-2, DN2-1 and NN2-6) (from Chapter 2) were selected 
to be tested to find genes involved in salt tolerance. Degenerate primers (F: 
5’-ATY-GCN-GGN-ATN-GG-3’, R: 5’-CCA-CCA-NGC-CCA-RWA-NA-3’) were 
designed based on regions of salt tolerance genes from rhizobia (Table 5-1, Figure 
5-1).  
5.2.2 Testing of degenerate primers 
  Degenerate primers for different strains were used in PCR with DNA extracts from 
these rhizobia to identify if these DNA regions were found in salt tolerant and/or 
non-salt-tolerant rhizobia. Attempted DNA fragments were excised and sequenced as 
described in section 5.2.5. Sequencing results were analysed as described in 5.2.6. 
The cycling parameters were as described in 4.3. DNA fragments were excised and 
sequenced as cescribed in 5.2.5. Sequencing results were analysed as cescribed in 
5.2.6. 
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Table 5-1. Genes involved in salt tolerance of rhizobia. 
Rhizobia Chemical entities/genes References 
Sinorhizobium meliloti Betaine (betS*/betA*BCI*/ Pocard et al., 1997, Boscari et al., 2002 
 hutWXV)  
Sinorhizobium meliloti 
Bradyrhizobium japonicum 
Rhizobium sp. 
Glycine-betaine (AraC) Boscari et al., 2004, Payakapong et.al., 2006 
Sinorhizobium meliloti Proline-betaine 
(betS/prb) 
Eric et al., 2000, Boscari et al., 2004, Alloing et 
al., 2006 
Sinorhizobium meliloti 
Bradyrhizobium japonicum 
Glucans (ndvABCD*) Dyland et al., 1990, Bahgwat et al., 1996, Chen et 
al., 2002 
Sinorhizobium meliloti Sucrose(zwf) Jenson et al., 2002, Barra et al., 2003 
Sinorhizobium meliloti Trehalose(zwf) Jenson et al., 2002, Barra et al., 2003 
Sinorhizobium fredii Cation efflux (phaA2/phaD2 Jiang et al., 2004 
 /phaF2/phaG2)  
Sinorhizobium strain BL3 rpoH2  Tittabutr et al., 2006 
Rhizobium etli rpoE4  Jaime et al., 2009 
Rhizobium tropici ntrY/ntrX 
greA 
alas 
dnaJ  
nifS 
noeJ 
kup 
Nogales et al., 2002 
Sinorhizobium meliloti  
 
omp10  
relA 
greA 
nuoL 
Wei et al., 2004 
 
*: used as template sequences for degenerate primer design. 
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Figure 5-1. Multiple sequence alignment in ClustalW of Sinorhizobium BetS, S. BetA, 
S. BetI and Bradyrhizobium japonicum bet genes for degenerate primer design.  
 
 
 
 
Degenerate primer F 
Degenerate primer R 
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5.2.3 Design of specific primers 
  Specific primers 34050 (F: 5’-AGA-GGC-GTT-CAT-ATC-GTC-3’) and 34049  
 (R: 5’-CTG-GCA-ACT-GTG-TTT-GTC-3’) were designed to putative transposases 
in strains NN2-1 and DS2 (on the basis of Blast result of degenerate PCR from 
Genbank). Another specific primer set, 34045 (F: 5’-CTC-TCG-CAG-TTC-ATG- 
GTC-AATC-3’) and 34046 (R: 5’-CGC-TTC-TTC-CGG-TTT-CTT-AGTC-3’), was 
obtained on the basis of Blast result for products of the degenerate primers from 
Genbank (putative ATP helicase of degenerate PCR from Genbank). These two sets of 
specific primers were used to amplify DNA fragments from all rhizobial strains. 
5.2.4 Testing of specific primers 
  Specific primers for all strains were used to identify if they amplified DNA regions 
constituted in salt tolerant or non-salt-tolerant rhizobia by PCR. DNA amplicons were 
excised and sequenced as described in section 5.2.5. Sequencing results were analysed 
as described in 5.2.6. 
5.2.5 Sequencing procedures 
DNA was purified from PCR products by using a Qiaquick PCR Purification Kit 
(QIAGEN). For amplified DNA (smaller than 10 kb) in agarose gels, the desired 
region was excised and extracted using a Qiaquick Gel Purification Kit (QIAGEN).  
All sequencing reactions (BigDye reaction) were prepared as shown in Table 5-2 
following the manufacturer’s protocols. Cycle sequencing was performed with the 
ABI PRISM BigDye Terminator Mix version 3.1 (Applied Biosystems, Foster City, 
CA) in a GeneAmp 2400 Thermocycler (PerkinElmer). The sequencing reaction 
conditions were: initial denaturation at 96°C for 1 min; 35 cycles at 96°C for 10 s, 
50°C for 5 s, 60°C for 4 min, and then cooling to 4°C. A master mix was prepared for 
precipitation as recommended by Applied Biosystems (Table 5-3). The master mix  
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Table 5-2. Reagents for BigDye reaction in sequencing. 
 
Reagent Volume 
Big Dye 1 µl 
10 X Buffer 2 µl 
10 X Forward Primer or 1 µl 
10 X Reverse Primer 1 µl 
PCR grade H2O 13 µl 
Template DNA 2 µl 
Total 20 µl 
 
 
 
 
Table 5-3. Master mix for DNA precipitation in sequencing. 
 
Items Volume (µl) 
95% ethanol 62.5 
3 M sodium acetate (pH 5.2) 3  
PCR grade H2O 14.5  
Total 80  
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(80 µl) was added to each reaction tube from the Big Dye reaction (20 µl) and left for 
30 min at room temperature, followed by centrifuging at 9000 xg for 20 min at room 
temperature. The supernatant was discarded and the pellet was dried at room 
temperature for 10 min, followed by adding 250 µl 70% ethanol to each tube. 
Samples were centrifuged at 9000 xg for 5 min at room temperature, the supernatant 
was discarded and the pellet was dried atroom temperature overnight. Samples were 
sent to Micromon Sequencing Facility (Monash University Clayton, VIC, Australia) 
for capillary electrophoresis and detection using a 3730S Genetic Analyser (Applied 
Biosystems).  
5.2.6 Sequencing and Blastn results 
All sequences were searched using Blastn (Altschul et al., 1990) in GenBank 
through the NCBI database (http://www.ncbi.nlm.nih.gov/). Cluster matches and 
DNA % similarity were searched and compared between sequences input and 
sequences found in Genbank.  
5.2.7 RNA extraction  
RNA was extracted using a RNeasy mini kit according to the manufacturer’s 
protocol (Qiagen). All rhizobial strains were grown in YM liquid medium with 
shaking as described in chapter 2 for 2-3 days until O.D. 0.8, and 2 ml of RNAprotect 
Bacteria Reagent (Qiagen) was added to 1 ml of liquid suspension from each sample, 
mixed well by vortexing for 5 s, and left for 5 min at room temperature, followed by 
centrifuging for 10 min at 5000 xg. The supernatant was decanted and the residual 
supernatant removed by gently dabbing the inverted tube onto a paper towel. Two 
hundred µl Tris-EDTA buffer containing lysozyme was added to the tubes (with 
vortexing for 10 s) and incubated at room temperature for 5 min. Seven hundred µl of 
buffer RLT was added to tubes and vortexed vigorously. If particulate material was 
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visible, it was pelleted by centrifuging at 9000 xg for 1 min, and only the supernatant 
was used. Five hundred µl of ethanol (96-100%) was added and mixed by pipetting.  
The 700 µl lysate was transferred to an RNeasy Mini spin column placed in a 2 ml 
collection tube and centrifuged for 15 s at 9,000 xg. The flow-through was discarded 
and 700 µl buffer RW1 was added to column, followed by centrifuging for 15 s at 
9000 xg. The flow-through was discarded and 500 µl buffer RPE was added to wash 
the spin column by centrifuging at 9000 xg and the flow-through was again discarded. 
Five hundred µl buffer RPE was used to wash the spin column again. The collection 
tube was discarded and the spin column was placed into a new collection tube. To 
elute the bound RNA, 50 µl RNase-free water was added to the centre of the spin 
column and centrifuged at 9,000 xg for 1 minute.  
5.2.8 Transcription of RNA to cDNA by using ThermoScript™ RT-PCR System  
RNA of four salt-tolerant rhizobia and four non-salt-tolerant rhizobia were 
extracted and transcribed to cDNA. The RNA samples were mixed with the primers 
and dNTPs mixed in a 1.7 ml reaction tube as listed in Table 5-4. The RNA and 
primer were denatured by incubating at 65°C for 5 minutes and placed on ice. A 
master reaction mix was prepared as listed in Table 5-5. All mix tubes were gently 
vortexed and kept on ice. Eight µl of master reaction mix was pipetted into the 12µl in 
each reaction tube on ice and mixed. The whole 20 µl sample was transferred to a dry 
block heater (Ratek) preheated to 50°C and incubated for 30 to 60 min. The reaction 
was terminated by incubating at 85°C for 5 min. One µl of RNase H was added to 
each reaction tube and incubated at 37°C for 20 min to eliminate residual RNA. All 
cDNA samples were stored at -20°C.   
5.2.9 The amplification and analysis of attempted genes in cDNAs with specific 
primers 
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Table 5-4. RNA sample and reagents for pre-heating of reverse-transcription. 
 
Reagent Volume (µl) 
Primer 1  
RNA (10 pg – 5 µg) x  
10 mM dNTP Mix 2  
DEPC-treated water as needed 
 
 
Table 5-5. Master reaction mix for reverse-transcription. 
 
Reagent Volume (µl) 
5x cDNA Synthesis Buffer 4  
0.1 M DTT 1  
RNaseOUT ™ (40 U/ µl) 1  
DEPC-treated water 1  
ThermoScript ™ RT (15 units/µl) 1  
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The specific primers (as described and used in 5.2.3) were used to amplify the 
attempted cDNA fragments of salt-tolerant and non-salt-tolerant rhizobia. The specific 
bands were excised, sequenced and blasted as described in 5.2.5 and 5.2.6. 
5.3 Results 
5.3.1 Amplification of genomic DNA by degenerate primers  
DNA amplicons were only found with only three out of four salt-tolerant strains 
(one in strains NN2-1 and DS2 respectively, three in strain RR1128) (Figure 5-2) but 
not in non-salt-tolerant strains (Lane 5-8, Figure 5-2). Sharp and bright DNA 
amplicons from salt-tolerant strains were chosen to sequence the DNA (boxed in 
Figure 5-2). These bands were 500 bp from NN2-1 (Lane 1) and DS2 (Lane 3) 
respectively, and 1000 bp, 450 bp and 290 bp from RR1128 (Lane 2) (Figure 5-2).  
5.3.2 Sequencing and Blastn results of amplicons with degenerate primers in 
genomic DNA 
The DNA sequences were 430 bp (band 1, Figure 5-2) for strain NN2-1, 412 bp 
(band 2-2, Figure 5-2) for strain RR1128 and 360 bp (band 3, Figure 5-2) for strain 
DS2 respectively. The 430 and 360 bp fragments from strains NN2-1 and DS2 had 
Blastn results showed that the cluster identities of 73% and 77% (Figure 5-3, Figure 
5-4, Table 5-6) to a sequence from a transposase IS116/110/902 family protein from S. 
medicae WSM419 plasmid pSMED01, complete genome. The 412 bp amplicon from 
strain RR1128 had 95% identity to a putative ATP-dependent helicase from 
Sinorhizobium meliloti 1021 complete chromosome (Figure 5-5, Table 5-6). No 
sequencing results were obtained for band 2-1 for RR1128; the signals were mixed 
and so the products could not be identified.  
5.3.3 Amplification of genomic DNA by specific primers 
Gel electrophoresis of genomic DNA PCR products with specific primers 34050 (F:  
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Figure 5-2. Electrophoresis of PCR products of salt-tolerant and non salt-tolerant 
rhizobia with degenerate primers (Lane 1: NN2-1, Lane 2 : RR1128, Lane 3 : DS2, 
Lane 4 : DN4-2, Lane 5 : NN2-6, Lane 6 : DN2-1, Lane 7 : NN1-1, Lane 8 : 
DN1-2). B = blank (no DNA). M = GeneRuler 100Plus (Fermentas). 
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Figure 5-3. ClustalW alignment of Blastn results of NN2-1 with degenerate primers 
(band 1).  
 
 
 
Figure 5-4. ClustalW alignment of Blastn results of DS2 with degerate primers (band 
3).  
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Table 5-6. Blastn results for sequences from degenerate primers. 
 
Strain Result 
 
Similarity 
NN2-1 
Band 1 
Transposase IS116/110/902 family protein from Sinorhizobium medicae 
WSM419 complete genome (CP00739.1) 
Transposase IS116/110/902 family protein from Sinorhizobium medicae 
WSM419 plasmid pSMED01, complete genome (CP00738.1) 
77% 
73% 
RR1128 
Band 2-2 
Putative ATP-dependent helicase from Sinorhizobium meliloti 1021 
complete chromosome (CP001830.1) 
95% 
 Metallophosphoesterase from Sinorhizobium meliloti AK83 chromosome 1, 
complete genome (CP002781.1) 
95% 
 Metallophosphoesterase from Sinorhizobium meliloti BL225C, complete 
genome (CP002704.1) 
95% 
 Rhizobium leguminosarum bv. viciae chromosome complete genome 
(AM236080.1) 
87% 
 Rhizobium etli CFN42 complete genome (CP000133.1) 87% 
 Sinorhizobium meliloti fadD for long chain acyl-CoA synthesase 
(AJ408880.1) 
78% 
 Sinorhizobium meliloti SqdB glycosyl transferase (SqdD) (AF194444.1) 77% 
 Rhizobium etli CIAT 652 complete genome (CP001074.1) 94% 
 Sinorhizobium fredii NGR234 complete genome (CP001389.1) 97% 
 Rhizobium etli CIAT 652 plasmid pA complete genome (CP001075.1) 77% 
 Rhizobium etli CIAT 652 plasmid pC complete genome (CP001077.1) 75% 
DS2 
Band 3 
Transposase IS116/110/902 family protein from Sinorhizobium medicae 
WSM419, complete genome (CP00739.1) 
77 % 
 Transposase IS116/110/902 family protein from Sinorhizobium medicae 
WSM419 plasmid pSMED01, complete genome (CP00738.1) 
73% 
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Figure 5-5. ClustalW alignment of Blastn results of RR1128 with degenerate primers 
(band 2-2). 
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Figure 5-6. Electrophoresis of PCR products of salt-tolerant rhizobia and non 
salt-tolerant genomic DNA with specific primers 34050, 34049 (transposase) (Lane 1: 
NN2-1, Lane 2 : RR1128, Lane 3 : DS2, Lane 4 : DN4-2, Lane 5 : NN2-6, Lane 6 : 
DN2-1, Lane 7 : NN1-1, Lane 8 : DN1-2). B = blank (no DNA). M = GeneRuler 
100Plus (Fermentas). 
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5’-AGA-GGC-GTT-CAT-ATC-GTC-3’) and 34049 (R: 5’-CTG-GCA-ACT-GTG-TT 
T-GTC-3’) showed single band for two out of four salt-tolerant strains NN2-1 and 
DS2 (band 4 and 5, Figure 5-6) but not from any non-salt-tolerant rhzobia (Lane 5-8, 
Figure 5-6).  
  Specific primer set 34045 (F: 5’-CTC-TCG-CAG-TTC-ATG-GTC-AATC-3’) 
and 34046 (R: 5’-CGC-TTC-TTC-CGG-TTT-CTT-AGTC-3’) was obtained based on 
the Blastn result of strain RR1128 (putative ATP helicase). This primer set (34045,  
34046) produced bands with three salt-tolerant isolates (Figure 5-7); the bands with 
RR1128 was 450 bp and with NN2-1 and DS2 were 230 bp respectively (Figure 5-7). 
No band was found in any of the non-salt-tolerant isolates or DN4-2. 
5.3.4 Sequencing and Blastn results of amplicons with specific primers in genomic 
DNA 
When these bands were excised and sequenced from Figure 5-6 , the sequencing 
results were 681 bp for NN2-1 (band 4) and 559 bp for DS2 (band 5) respectively. A 
homology analysis of DNA sequences showed high identities (99% and 98%) 
respectively to the transposase IS116/110/902 family protein from S. medicae 
WSM419 plasmid pSMED01, complete genome (Figure 5-8, Table 5-7).  
Only the amplicon from strain RR1128 was excised, purified and sequenced, its 
size was 416 bp. Homology analysis of amino acid sequences showed 93% similarity 
to a permease from S. meliloti 1021 plasmid pSymB (Figure 5-9, Table 5-8).  
5.3.5 Amplification of cDNA by specific primers 
These specific primers 34050 and 34049 produced amplicons around 800 bp for 
strains NN2-1 and DS2 at 0 and 3% NaCl (Figure 5-10, band 7-9), the same size 
cDNAs as found in genomic DNA (Figure 5-6). There was also a 380 bp band 
produced in NN2-1 grown with both 0 and 3% NaCl. A 800 bp cDNA was also  
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Figure 5-7. Electrophoresis of PCR products from genomic DNA of salt-tolerant and 
non salt-tolerant rhziboia with specific primers 34045 and 34046 (Lane 1: NN2-1, 
Lane 2 : RR1128, Lane 3 : DS2, Lane 4 : DN4-2, Lane 5 : NN2-6, Lane 6 : DN2-1, 
Lane 7 : NN1-1, Lane 8 : DN1-2). B = blank (no DNA). M = GeneRuler 100Plus 
(Fermentas). 
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Figure 5-8. ClustalW alignment of Blastn results of NN2-1 and DS2 with specific 
primers (bands 4 and 5).  
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Table 5-7. Blastn results for sequences from specific primers 34049 and 34050. 
 
Strain Result 
 
Similarity 
NN2-1 
band 4 
Transposase IS116/110/902 family protein from 
Sinorhizobium medicae WSM419 complete genome 
(CP00739.1) 
Transposase IS116/110/902 family protein from 
Sinorhizobium medicae WSM419 plasmid pSMED01, 
complete genome (CP00738.1) 
99% 
 
 
99% 
DS2 
band 5 
Transposase IS116/110/902 family protein from 
Sinorhizobium medicae WSM419, complete genome 
(CP00739.1) 
99 % 
 Transposase IS116/110/902 family protein from 
Sinorhizobium medicae WSM419 plasmid pSMED01, 
complete genome (CP00738.1) 
99% 
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Figure 5-9. ClustalW alignment of Blastn results for RR1128 with specific primers 
(band 6).  
 
 
Table 5-8. Blastn results for sequences from specific primers 34046 and 34045. 
 
Strain Result Similarity 
RR1128 Band 6 Putative ABC transporter Permease Rhizobium etli CFN 42 (CP000138.1) 93% 
 Binding-protein-transport system Rhizobium  90% 
 leguminosarum bv. trifolii WSM2304 plasmid pRLG201 (CP001192.1)  
 Putative ABC transporter Permease Rhizobium etli CIAT 652 plasmid pC,  88% 
 complete sequence (CP001077.1)  
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Figure 5-10. PCR products of salt-tolerant rhizobial cDNA with transposase primer 
34050 and 34049 at 0% NaCl (Lane 1 : NN2-1, Lane 2 : RR1128, Lane 3 : DS2, Lane 
4 : DN4-2) and 3% NaCl (Lane 5 : NN2-1, Lane 6 : RR1128, Lane 7 : DS2, Lane 8 : 
DN4-2). B = blank (no DNA). M = GeneRuler 100Plus (Fermentas). 
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Figure 5-11. PCR products of salt-tolerant rhzobial cDNA with permease primers at 
0% NaCl (Lane 1 : NN2-1, Lane 2 : RR1128, Lane 3 : DS2, Lane 4 : DN4-2) and 3% 
NaCl (Lane 5 : NN2-1, Lane 6 : RR1128, Lane 7 : DS2, Lane 8 : DN4-2). B = blank 
(no DNA). M = GeneRuler 100Plus (Fermentas). 
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amplified at 3% NaCl with strain DN4-2.  
The permease primers 34045 and 34046 produced multiple amplicons at 0% NaCl 
with NN2-1, RR1128 and DN4-2, but not DS2 (Figure 5-11), a single band in 
genomic DNA (Figure 5-7) at 250 bp in NN2-1 and DS2, and a 450 bp band in 
RR1128. At 3% NaCl, the primers amplified a 280 bp cDNA in strain NN2-1 and 
RR1128, and with several fainted bands in all strains.  
5.3.6 Sequencing and Blastn results of amplicons with specific primers in genomic 
DNA 
The 800 bp cDNAs (Figure 5-10, band 7-9) were excised, purified and sequenced, 
and the sequences were searched on Genbank using Blastn as before. Homology 
analysis of cDNA sequences showed identities ranging from 98-99% to a transposase 
of S. medicae WSM419 from Genbank (Figure 5-12, Table 5-9). 
The strong band (280 bp) from RR1128 was excised, purified and sequenced 
(Figure 5-13, Table 5-10). The Blastn result from the sequence showed 93% similarity 
to a permease of R. etli CFN 42 from Genbank. 
5.4 Discussion 
  In this chapter, the degenerate primers were originally designed based on the bet 
(betaine) genes and ndv (glucan) genes in rhizobia. Those two genes were associated 
with the uptake of osmolytes, e.g. betaine, glycine-betaine for bet genes and glucan 
for ndv genes, whereas those osmolytes were accumulated in cells with osmotic shock 
(Pocard et al., 1997, Boncompagni et al., 2000, Boscari et al., 2002, Cheryl and Miller 
1998). The primers (both degenerate and specific primers) amplified transposase 
sequences and permease sequences rather than any of genes mentioned above. It was 
possible that the two sequences discovered in this chapter played similar rules at the 
functions or mechanisms of bet and ndv genes.  
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Figure 5-12. ClustalW alignment of cDNA Blastn results of strain NN2-1(Band 7), 
DS2 (Band 8) and DN4-2 (Band 9) at 3% NaCl.  
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Table 5-9. The cDNA Blastn results of NN2-1, DS2 and DN4-2 with specific primers 
(for transposase). 
 
Strain Result 
 
Similarity 
NN2-1 
Band 7 
Transposase IS116/110/902 family protein from Sinorhizobium medicae 
WSM419 complete genome (CP00739.1) 
99% 
 Transposase IS116/110/902 family protein from Sinorhizobium medicae 
WSM419 plasmid pSMED01, complete genome (CP00738.1) 
99% 
DS2 
Band 8 
Transposase IS116/110/902 family protein from Sinorhizobium medicae 
WSM419 complete genome (CP00739.1) 
99% 
 Transposase IS116/110/902 family protein from Sinorhizobium medicae 
WSM419 plasmid pSMED01, complete genome (CP00738.1) 
98% 
DN4-2 
Band 9 
Transposase IS116/110/902 family protein from Sinorhizobium medicae 
WSM419 complete genome (CP00739.1) 
98% 
 Transposase IS116/110/902 family protein from Sinorhizobium medicae 
WSM419 plasmid pSMED01, complete genome (CP00738.1) 
98% 
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Figure 5-13. ClustalW alignment of cDNA Blastn results of strain RR1128 (Band 10) 
at 3% NaCl.  
 
 
Table 5-10. The cDNA Blastn results for RR1128 sequences with specific primers (for 
putative ATP helicase). 
 
Strain Result Similarity 
RR1128 
Band 10 
Putative ABC transporter permease Rhizobium etli CFN 
42 (CP000138.1) 
93% 
 Binding-protein-transport system Rhizobium  90% 
 leguminosarum bv. trifolii WSM2304 plasmid pRLG201 
(CP001192.1) 
 
 Putative ABC transporter permease Rhizobium etli CIAT 
652 plasmid pC,  
88% 
 complete sequence (CP001077.1)  
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5.4.1 Transposase sequences in genomic DNA and cDNA 
In genomic DNA, PCR results showed several fainted bands in three out of four 
selected salt-tolerant strains in electrophoresis gel by using degenerate primer for 
transposase in insertion sequences (IS, encoding transposase) family, and then showed 
the single amplicons only in NN2-1 and DS2 with specific primers. Those results 
indicated the presence of transposase sequences in genomic DNA and the 
transcription of transposase sequences of selected salt-tolerant strains into RNA. In 
cDNAs of selected rhizobial strains, the transposase sequences were obtained at 0% 
NaCl in strains NN2-1 and DS2, whereas multiple bands were observed at 3% NaCl 
in NN2-1, DS2 and DN4-2. Simon et al. (1991) observed multiple DNA 
polymorphisms of insertion sequences with respect to copy number and genomic 
location in rhizobial strains and bacteria. Similarly, the insertion sequence elements 
ISRm2011-2 were observed abundantly in R. meliloti (Selbitschka et al., 1995), and 
ISRm6 was found, which belongs to IS3 family (Zekri and Toro 1996). By contrast, 
the multiple cDNA patterns of transposase sequences were also produced in this 
chapter with 3% NaCl, indicating possible repetitive and abundant characteristics of 
transposase sequences in these selected salt-tolerant rhizobia.  
Insertion sequences (IS) are transposable elements less than 2.5 kb (Galas and 
Chandler, 1989) and are common constituents of the rhizobial genome (Selbitschka et 
al., 1995). The significance of transposable elements is that they induce mutations, 
genomic rearrangements such as inversions, and activate the expression of cryptic 
genes by their encoding proteins – transposases. Transposases are enzymes that 
catalyse the movement of a transposon on the genome by binding to the end of a 
transposon, which leads to it being cut and inserted into other genomes. Transposases 
are also proposed to activate and control the expression of adjacent genes by those 
insertion sequences (Jacques and Chandler, 1998). Most of the reports above 
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suggested that the functions of transposases function by facilitating translocation and 
up-regulating or down-regulating the expression of neighbor genes up-regulated or 
down-regulated, whereas not much about their relationship to salt tolerance in 
rhizobia. In this chapter, the transposase sequences were only found in salt-tolerant 
but not in non-salt-tolerant rhizobia. There was no transposase sequences amplified 
from genomic DNA and cDNA at 0% NaCl in strain DN4-2, whereas at 3% NaCl a 
single amplicon of this sequence was found. Along with more multiple cDNA 
patterns shown at 3% than those at 0% NaCl in strains NN2-1 and DS2, it is possible 
that the IS family (transposase sequences), with the functions of activation and control 
of expression of adjacent genes, facilitated the expression of neighbour genes 
involved in salt tolerance of rhizobia. 
Other than assisting in gene activation, expression and translocation, one of the 
major mechanisms of transposases is their association with other genes to form parts 
of degradative or catabolic pathways (Jacques and Chandler, 1998). The accumulation 
of low-molecular-weight organic solutes, called osmolytes, has been identified as an 
important element in saline conditions in rhizobia (Measures 1975, Yancey et al., 
1982, Le Rudulier et al., 1984, Boscari et al., 2002). Those osmolytes, which are used 
as nutrients and osmotic buffer in cells, are derived from mechanisms associated with 
metabolism, catabolism and accumulation, in which many genes are involved to be 
functional and responsible for those mechanisms. Therefore, it is possible, combined 
with the insertion sequences (encoding transposase), that those genes have interaction 
with each other to achieve the salt tolerance mechanisms in rhizobia.  
The main mechanisms of transposases are to activate and control the expression of 
adjacent genes. Since the transposase sequences were found only in salt-tolerant 
rhizobial strains in this chapter, it is possible that transposase sequences facilitate the 
genes involved in salt tolerance of rhizobial strains in chapter 2 and hence contribute 
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to the symbiotic and competitive ability in those selected salt-tolerant rhizobia in 
chapters 2 and 3. 
5.4.2 Permease sequences in genomic DNA 
The permease sequences were found in genomic DNA and cDNA of salt-tolerant 
rhizobia but not in non-salt-tolerant rhizobia as well. Those results indicated the 
constitution of permease sequences in all four selected salt-tolerant strains. Unlike the 
PCR products of cDNA with transposase-specific primers, the cDNA bands with 
permease specific primers were multiple of several sizes. Those bands may indicate 
the similarly repetitive sequences in genomic DNA as well as cDNA. The transposase 
sequences were found in all strains except DN4-2, but only the amplicons from 
genomic DNA and cDNA of RR1128 were studied as a result of unstable sequencing 
signals of other strains.  
The transporters for nutrients are keys for competition to rhizobia as they transport 
nutrients including amino acids through membranes of cells, and large numbers of 
ABC transporters are present in some species of rhizobia (Hosie et al., 2002). It is also 
possible that with these transporters rhizobia strains (e.g. NN2-1 and RR1128) can be 
salt-tolerant and symbiotically effective in chapter 2 in that they possessed more 
transporters to obtain acquired nutrients or osmolytes across cell membrane. 
Consequently, the rhizobia were able to survive and maintain function, such as 
nitrogen fixation, in saline conditions to provide the nitrogen for host plants. In 
association with the transportation and salt tolerance in rhizobia, the transporters may 
also facilitate the competitiveness in that with the increasing nutrients and ability to 
tolerate saline conditions, along with the other functions, rhizobial strains were able to 
nodulate and produce greater functional nodules than host plants in comparison with 
strains with less functional transporters in chapter 3.  
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The active accumulation of osmolytes is an ATP-driven process, and those 
transporters are called permeases, ATP-binding cassettes (ABC) and traffic ATPases 
(Roland et al., 1993). These periplasmic solute-binding receptors are used to transport 
the osmolytes across memberanes. Cytoplasmic membrane proteins (HMPs) and 
ATP-binding constituents (ABC proteins) are involved in this transporting mechanism 
in other bacteria (Higgens 1992) as well as in rhizobia (Walshaw et al., 1996, Hosie et 
al., 2002). The permease sequences were observed only in salt-tolerant but not 
non-salt-tolerant rhizobia, coupled with more cDNA bands at 3% NaCl than at 0% 
NaCl. This suggested that the mechanisms of transporting nutrients or osmolytes in 
rhizobia involved in DNA sequences being transcribed more frequently into RNA 
with 3% NaCl and is a possible explanation of the function of the permease sequences 
involved in salt tolerance of rhizobia in this chapter.  
The ndv genes from Rhizobium spp. are associated with the glucan transport and 
biosynthesis in that they encode cytoplasmic membrane protein across the cell 
(Cheryl and Miller 1998), whereas using ndv-designed primers found that permease 
sequences were observed in those salt-tolerant rhizobial strains. As a result, these 
permease sequences may play similar roles to ndv genes in those salt-tolerant rhizobia 
in this chapter.  
Compared with permease sequences, the transposase sequence specific primers 
produced fewer DNA bands with and without NaCl. Unlike the transposase, the 
permease sequences were found to be multiple in genomic DNA and cDNA. 
Therefore, it is worth investigating the expression of both sequences to confirm their 
expression with and without NaCl and determine more of their roles in these 
salt-tolerant rhizobia.  
5.5 Conclusion 
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In this study, DNA sequences similar to those of transposases and permeases were 
found in genomic DNA and expressed in RNA in salt-tolerant rhizobia by PCR using 
degenerate primers to bet and ndv genes and then specific primers. They were 
confirmed as present of genomic DNA of salt-tolerant rhizobia in this chapter. The 
transposase sequences were found in both genomic DNA and cDNA of strains NN2-1 
and DS2, but only in cDNA of strain DN4-2. The permease sequences were found in 
both genomic DNA and cDNA of strains NN2-1, RR1128 and DS2, but only in 
cDNA of strain DN4-2.  
The transposase sequences are associated with activation and control of expression 
to adjacent genes in this chapter, e.g. the permease sequences. Moreover, the 
accumulation of osmolytes in cells, which are used as nutrients and osmotic buffer, 
are possibly derived from mechanisms associated with metabolism, catabolism and 
accumulation from transposase sequences obtained in selected salt-tolerant rhizobia.  
The permease sequences may be responsible and helpful in chapter 2 for symbiotic 
effectiveness and competitiveness in chapter 3 in that the periplasmic transporter 
transported the nutrients and osmolytes across the membrane of cells. Furthermore, 
those nutrients and osmolytes may be involved in the mechanisms of catabolic and 
metabolic pathways of transposase sequences. Consequently, these nutrients and 
osmolytes provided the elements of growth and resistance to rhizobial strains exposed 
to NaCl salinity.  
In conclusion, both transposase and permease sequences were responsible and 
associated with the salt tolerance of salt-tolerant rhizobia but not non-salt-tolerant 
rhizobia, and may play important roles in symbiotic effectiveness and competitiveness 
in chapter 2 and 3.  
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Chapter 6  Cloning and expression of genes involved in salt 
tolerance of rhizobia 
6.1 Introduction 
  In chapter 4, the RAPD profiles showed different DNA patterns in both 
salt-tolerant and non-salt-tolerant rhizobia, as a result, no specific DNA fragment was 
found in salt-tolerant but not in non-salt-tolerant rhizobial strains by using random 
primers. Therefore, in chapter 5, degenerate primers and then specific primers were 
applied to amplify regions of genes involved in salt tolerance of rhizobia. DNA 
sequences similar to those of transposases and permeases were found in genomic 
DNA and transcribed into RNA in selected salt-tolerant but not non-salt-tolerant 
rhizobia. The constrasting patterns in the PCR amplicons of both sequences confirmed 
that more transposase sequences and permease sequences were amplified in 
salt-tolerant rhizobia at 3% NaCl than those at 0% NaCl.  
6.1.1 Genes involved in salt tolerance in chapter 5 
Transposases are enzymes that catalyse the movement of transposons to new 
position on the genome, and so activate and control the expression of adjacent genes 
by those insertion sequences and in association with other genes form parts of 
degradative or catabolic pathways (Jacques and Chandler, 1998). With those functions 
and characteristics, it was concluded that transposase sequences may facilitate the 
genes involved in salt tolerance, including the permease sequences.  
The active accumulation of osmolytes is an ATP-driven process using ATP binding 
cassettes (ABC) and traffic ATPases, and those transporters are called permeases 
(Roland et al. 1993). These periplasmic solute-binding receptors are used to transport 
the osmolytes across membranes (Higgens 1992) as well as in rhizobia (Walshaw et 
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al., 1996, Hosie et al., 2002). The permease sequences were identified in chapter 5, 
and was associated with the ability of symbiotic effectiveness and competitiveness in 
chapter 2 and 3 in that the periplasmic transporters (e.g. permeases) transported the 
nutrients and osmolytes across the membranes of cells in rhizobia, and as a result, 
these nutrients and osmolytes provided the elements of growth and resistance for 
rhizobial strains in saline conditions.  
It is essential to investigate further the expressions of those two sequences in 
rhizobial strains with or without NaCl as the full mechanism remains to be unravelled 
because multiple gene regulation expressions are interactive and regulative with one 
another.  
Quantitative PCR (qPCR), a highly sensitive method to quantify the expression of 
targeted genes and housekeeping genes (e.g. 16S rRNA), has been used in 
quantification of rhizobial community or genes (Kakar et al., 2008, Boonen et al., 
2010). Therefore, it is suitable with its sensitivity and variety to compare and quantify 
within several orders of magnitude by amplification of different gene regions 
(Klementina et al., 2008). Because of the differences between amplicons from 
genomic DNA and cDNA of the selected strains, therefore, only strains NN2-1, 
RR1128 and DS2 were selected for qPCR.  
In chapter 3, the gusA gene was transferred from E. coli to recipients (rhizobia) and 
expressed effectively for the competition study between strains NN2-1 and RR1128. 
It is feasible that this same mating method could be used to transfer the sequences 
involved in salt tolerance of rhzobia from chapter 5 into non-salt-tolerant recepients.  
6.1.2 Aims 
The objectives of this chapter were to quantify the expression of the two sequences 
found in chapter 5 and to clone those sequences from salt-tolerant strains to 
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non-salt-tolerant recipients.  
6.2 Materials and Methods 
6.2.1 Real-time PCR assay 
Amplification of real-time PCR products was carried out with a Smart Cycler 
(Biorad, USA) using SYBR Green as the detection system in a reaction mixture of 25 
µl containing: 0.5 µM of forward and reverse primers for either the transposase or 
permease, 12.5 µl of SensiMix™ SYBR® No-ROX PCR master mix, 2.5 µl of cDNA 
diluted template (corresponding to 10 ng of total DNA), and nuclease-free water to 
complete the 25 µl volume. The conditions for real-time PCR were 10 min at 95°C 
then cycling for 15 s at 95°C for denaturation, 30 s at 50°C for annealing and 15 s at 
72°C for extension. The purity of the amplified products was checked by the 
observation of a single melting peak.  
6.2.1.1 Quantification of transposase and permease from salt-tolerant rhizobia 
Real-time PCR assays (for both the transposase and permease) were performed 
with three replicates of cDNA from the salt-tolerant rhizobial strains NN2-1, RR1128 
and DN4-2. A standard curve was created for each using a 10-fold dilution series of 
three linearized housekeeping genes (16S rDNA). The sensitivity of the assay was 
determined using a dilution series of untreated (0% NaCl) cDNA from DS2.  
6.2.1.2 Calculation and statistical analysis 
  A Pfaffl calculation was performed to compare the expression of the transposase, 
permease and 16S housekeeping genes at 0% and 3% NaCl salinity in the salt tolerant 
rhizobia to compare the expression using the following formula: 
 
Ratio = Etarget △Cttarget (untreated – treated) 
       EHK △CtHK (untreated – treated) 
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6.2.2 Molecular cloning of attempted PCR products into E. coli (using TOPO 
PCR cloning Kit from Invitrogen) 
6.2.2.1 PCR amplification of attempted sequences from NN2-1 and RR1128 
This used the cDNA sequences from strain NN2-1 (transposase) and RR1128 
(permease) respectively. A 50 µl PCR reaction was set up using specific primers (as 
used in 5.2.3) to amplify the PCR products in NN2-1 and RR1128. PCR conditions 
were adjusted to produce a single, discrete PCR product for each set of primers (Table 
6-1). A 30 minute final extension time was used to ensure that all PCR products were 
completely extended. PCR products were stored at -20°C for up to 2 weeks. The 
cDNA products (around 200 bp and 500 bp) were checked for quality and quantity by 
electrophoresis on a 1.2 % agarose gel (90 V for 40 min).  
6.2.2.2 Gel-purifying PCR products 
This used a Quagen DNA gel extraction kit. The PCR products from Section 4.2.10.1 
were loaded onto 1.2 % agarose gel to check the sizes of amplicons as expected. 
Visible amplicons were excised from the gel, weighed in a tube, then 3 volumes of 
Buffer QG was added to 1 volume of gel (assuming 1 mg equal to 1µl) and incubated 
at 50°C for 10 min (or until the gel had completely dissolved) (vortexing every 2 to 3 
min). One gel volume of isopropanol was added to the sample and mixed well. The 
sample was applied to a QIAquick column and centrifuged at 17,900 xg for 1 min. 
The flow-through was discarded, 0.5 ml of Buffer QG was added and the column was 
centrifuged for 1 min at 5,000 xg, followed by adding 0.75 ml of Buffer PE and 
centrifuging for 1 min at 5,000 xg. The flow-through was discarded, and the column 
was centrifuged for an additional 1 min at 17,900 xg and then was placed into a new 
1.5 ml microcentrifuge tube. To elute cDNA, 50 µl Buffer EB (10 mM Tris-Cl, pH 8.5) 
was added to the centre of the membrane and centrifuged at 17,900 xg for 1 min. 
Flow-through was collected and stored at-20°C.  
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Table 6-1. PCR conditions for cloning. 
 
Step Time Temperature (°C) Cycles 
Initial denaturation 10 min 94 1 
Denaturation 30 s 94  
Annealing 1 min 45 35 
Extension 1 min 72 1 
Final extension 30 min 72 1 
Storage ∞ 4  
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6.2.2.3 Preparation of the product for cloning 
Firstly 0.48 g agarose was dissolved in 60 ml 1X TAE buffer by heating for 3 min 
in a microwave oven to prepare a 0.8% agarose gel (to ensure nucleases were 
destroyed). After cooling, 40 µl of 2 mg/ml crystal violet solution (in ethanol) 
(provided by Invitrogen) was added and mixed, and the purple gel poured sufficiently 
deep to hold all of the PCR amplification products (48 µl) in each well. 
Eight µl of 6X Crystal Violet loading buffer was added to 40 µl of the PCR 
amplification product, and loaded onto the gel. The gel was run in TAE buffer at 80 V 
until the crystal violet had run to a quarter of the way along the gel. The gel was 
placed on a light box, and the desired purple band was cut from the gel and 
transferred to a sterile 1.5 ml microcentrifuge tube and weighed. Approximately 2.5 
times its volume of 6.6 M sodium iodide was added and mixed by vortexing 
vigorously. The samples were incubated at 50°C until the agarose gel was completely 
dissolved (approximately 2 min) and mixed by shaking vigorously every minute. The 
samples were cooled to room temperature and 1.5 volumes of Binding Buffer was 
added and mixed well.  
6.2.2.4 Isolating PCR products 
All of the mixture excised from the agarose gel was loaded onto a S.N.A.P.™ 
purification column (A) (Invitrogen) on a collection vial (B) and centrifuged at 3000 g 
for 30 s at room temperature. The liquid in the collection tube was poured back onto 
the column and centrifuged again. This step was repeated once more to bind all the 
cDNA to the column. The flow-through was discarded after the last centrifugation, 
400 µl of 1X Final Wash solution was added to the column and centrifuged again. All 
800 µl flow-through liquid was discarded, and the column was centrifuged again at 
maximum speed (3,000 xg) for 1 min to ensure the column resin was dry. The column 
was transferred to a new sterile 1.5 ml microcentrifuge tube, and 40 µl of 
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nuclease-free water was added to the middle of the column and incubated for 1 min at 
room temperature to absorb into the column before the column was centrifuged at 
maximum speed (3,000 xg) for at least 1 min to elute the cDNAs into the 
microcentrifuge tube and prepare for cloning into E. coli.  
6.2.2.5 Cloning of products into vector 
  A 5µl TOPO® cloning reaction was set up as follows: 4µl gel-purified PCR 
product from 6.2.2.4 and 1µl pCR® - XL - TOPO® vector. The mixture was 
incubated for 5 min at room temperature and 1µl of the 6X TOPO® cloning stop 
solution was added and mixed for several seconds at room temperature. All the 
mixture was placed on ice for transformation.  
6.2.2.6 Transformation of vectors into E. coli 
A 2 µl aliquot of the TOPO® cloning reaction from 6.2.2.5 was added to a chilled 
0.1 cm electroporation cuvette (GenePulser, Biorad) containing 50 µl of competent 
cells (One Shot®, Invitrogen). The mixture was electroporated at 2.5 V in an 
electroporator (MicroPulser, Biorad). The 450 µl of sterilized S.O.C medium (20 g 
tryptone, 5 g yeast extract and 0.5 g NaCl in 1 L, adjusted to pH 7) was immediately 
added to cuvette and mixed well. All the solution was incubated in a 15 ml snap-cap 
tube (Falcon) and shaken at 37°C for 1 h. A 200 µl aliquot of solution was spread on a 
LB (10 g tryptone, 5 g yeast extract, 5 g NaCl in 1 L, adjusted to pH 7) plate 
containing 50 µg kanamycin and incubated at 37°C overnight to check the growth of 
E. coli.  
6.2.2.7 Miniprep of plasmid DNA for checking the cloning result 
E. coli with cloned plasmids in 6.2.2.6 was prepared from a 1 mL overnight LB 
culture by using a QIAquick Miniprep kit (Qiagen) according to the manufacturer’s 
protocols. 
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6.2.2.8 Restriction enzyme digestion of cloned plasmids in E. coli 
  From transformant copies, six transconjugants of each gene were randomly selected 
from the plate in Section 6.2.2.6, and plasmids were isolated by Miniprep in Section 
6.2.2.7. The restriction enzyme digestion was carried out at 37°C for 4 h as follows: 4 
µl plasmid DNA template from 6.2.2.6, 9.5 µl nuclease-free water, 1.5 µl enzyme 
buffer (Promega) and 0.1 µl EcoRI (Promega). The restriction products were 
separated in a 1.2% agarose gel.  
6.2.2.9 PCR of Miniprep plasmid DNA with specific primers 
  The plasmid DNA from Section 6.2.2.6 was amplified with specific primers (used 
in 5.2.3) to check if the attempted PCR products were cloned into E. coli. PCR 
conditions were as described in Section 5.2.3. PCR products were separated in a 1.2% 
agarose gel. Six copies of each transconjugant (from transposase and permease 
respectively) were randomly selected from each plate, and the plasmids of those 
transconjugants were extracted and eluted by Miniprep (Qiagen) as described in 
section Section 6.2.2.7. 
6.2.2.10 Sequencing procedures and Blastn results 
  All the sequencing procedures and Blastn from Genbank were followed as 
described in Sections 5.2.5 and 5.2.6 in chapter 5.  
6.2.3 Mating of E. coli with two sequences and non-salt-tolerant rhizobia 
  The rhizobial strains were cultivated on yeast-extract mannitol agar (YMA) 
(Vincent 1970) at 28ºC. The E. coli colonies with cloned sequences and the Puc 
control were maintained on Luria broth medium supplemented with kanamycin (50 
µg ml-1) at 37ºC. Each rhizobial strain was incubated in TY broth with 1% NaCl for 
3-4 days at 28ºC and the E. coli strain was incubated in LB broth at 37ºC for 1 day. 
The following procedures were described as Section 3.4.1. Plasmids with the 
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transposase and permease sequences were introduced into non-salt-tolerant rhizobial 
strains DN1-1, DN1-2, DN2-1, and NN2-6 and tested for salt tolerance on YMA with 
up to 5% NaCl.  
6.3 Results 
6.3.1 Quantification of transposase and permease sequences in salt-tolerant 
rhizobia NN2-1, RR1128 and DS2 
The housekeeping gene for 16S rDNA was used to draw a standard curve for the 
number of copies for the transposase and permease sequences in salt-tolerant rhizobia. 
Standard curves were linear (R2 = 0.97) with a slope of -5.079 over six orders of 
magnitude for strains NN2-1 and RR1128 (Figure 6-1, melting curves in Figure 6-2), 
and was linear (R2 = 0.981) with a slope of -11.472 over six orders of magnitude for 
strain DS2 (Figure 6-3, melting curves in Figure 6-4).  
6.3.1.1 Transposase sequences in all strains 
In strain NN2-1, the standard curve was linear with an R2 value of 0.97, a slope of 
-5.079 and amplification efficiency of 57.4%. The Pfaffle calculation performed in 
NN2-1 showed a ratio of 6.45 ± 0.331 (Table 6-2), suggesting that the transposase 
sequence transcription was up-regulated by 3% NaCl (Table 6-2, Figure 6-5 (A)).  
In strain RR1128, the standard curve was linear with an R2 value of 0.97 and a 
slope of -5.079. The amplification efficiency was 52.7%. For the transposase 
sequence, the Pfaffle calculation was 3.73 ± 0.383, and so the transposase sequence 
was up-regulated by 3% NaCl salinity (Table 6-2, Figure 6-5 (B)). 
In strain DS2, the standard curve was linear with an R2 value of 0.98 on regression 
analysis. However, amplification efficiency was only around 21.7%. The Pfaffle 
calculation showed a ratio of 1.37 ± 0.637 for the transposase sequence, indicating no 
difference in expression of transposase (Table 6-2, Figure 6-5 (C)). 
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Figure 6-1. Real-time PCR standard curve of 16S rDNA primers for strain NN2-1  
and RR1128. 
 
 
 
Figure 6-2. Melting curves of all treatments of all primers for strains NN2-1 and  
RR1128.  
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Figure 6-3. Real-time PCR standard curve of 16S rDNA primers for strain DS2. 
 
 
 
 
Figure 6-4. Melting curves of all treatments of all primers for strain DS2.  
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Table 6-2. Pfaffle calculations for ratio of transposase and permease cDNA sequences 
with (treated) and without (untreated) 3% NaCl.  
 
 Gene 
Strain Transposase Permease 
NN2-1 Untreated : 1 ± 0.703 
Treated : 6.45 ± 0.331* 
Untreated : 1 ± 0.851 
Treated : 1.96 ± 0.400 
RR1128 Untreated : 1 ± 0.481 
Treated :3.73 ± 0.383* 
Untreated : 1 ± 0.608 
Treated : 2.14 ± 0.595 
DS2 Untreated : 1 ± 0.348 
Treated : 1.37 ± 0.637 
Untreated : 1 ± 0.348 
Treated : 0.58 ± 0.24 
 
*Significant change 
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Figure 6-5. Real-time PCR curves with transposase primers at 0% and 3% NaCl for 
NN2-1 (A), RR1128 (B) and DS2 (C). 
 
3% NaCl 
0% NaCl 
0% NaCl 
3% NaCl 
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6.3.1.2 Permease sequences in all strains 
In strain NN2-1 and RR1128, the standard curve was linear with an R2 value of 
0.97, a slope of -5.079 and the amplification efficiency of 57.4%. The ratio for 
permease sequence was 1.96 ± 0.400 showing that its transcription did not change in 
strain NN2-1 (Table 6-2, Figure 6-6 (A)).  
The ratio for the permease sequence was 2.14 ± 0.595 at 3% NaCl in strain RR1128, 
indicating no change in expression (Table 6-2, Figure 6-6 (B)). 
In strain DS2, the standard curve was linear with an R2 value of 0.98 on regression 
analysis and the amplification efficiency was only around 21.7%. For the permease 
sequence in strain DS2, the ratio was 0.58 ± 0.24 at 3% NaCl and was not significant 
(Table 6-13, Figure 6-6 (C)).  
6.3.2 Cloning of cDNA of transposase and permease into E. coli 
The restriction analysis of three clones using EcoRI showed identical digestion 
patterns (Figure 6-7). The top bands were the 3.5 kb ligation plasmid for all six 
transconjugants. The three 280 bp fragments were partial permease sequences from 
RR1128 and the three 800 bp were sequences of tranposase from NN2-1, indicating 
that both sequences were cloned successfully. Both types of transconjugant were used 
for further analysis. 
Six recombinant plasmids contained the expected sizes of inserted sequence (800 
kb for tranposase and 280 kb for permease respectively) after PCR amplification 
(Figure 6-8), suggesting that cDNA sequences of transposase (from NN2-1) and 
permease (from RR1128) were transformed into E.coli plasmids.  
6.3.3 DNA sequences and Blastn results of transposase and permease from 
plasmids of transconjugant E. coli 
The permease PCR product showed 93% identity to the putative ABC transporter 
permease in Rhizobium etli CFN 42 (Figure 6-9, Table 6-3) respectively, whereas the 
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            (C) 
 
Figure 6-6. Real-time PCR curves with permease primers at 0% and 3% NaCl for 
NN2-1 (A), RR1128 (B) and DS2 (C). 
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Figure 6-7. Restriction enzyme digestion with EcoRI of E. coli clones containing 
tranposase (Lanes 4-6) and permease (Lanes 1-3) sequences. 
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Figure 6-8. PCR products from E. coli copies containing transposase (Lanes 7-13) and 
permease (Lanes 1-6) sequences with specific primers. 
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Figure 6-9. ClustalW alignment of Blastn results of cloned DNA sequences in E.coli 
transconjugant (permease from RR1128). 
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Table 6-3. The Blastn results of permease PCR product of E. coli. 
 
PCR product Result Similarity 
RR1128 
Band 1 
Putative ABC transporter Permease Rhizobium etli CFN 
42 (CP000138.1) 
93% 
 Binding-protein-transport system Rhizobium  90% 
 leguminosarum bv. trifolii WSM2304 plasmid pRLG201 
(CP001192.1) 
 
 Putative ABC transporter Permease Rhizobium etli CIAT 
652 plasmid pC,  
88% 
 complete sequence (CP001077.1)  
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transposase PCR product was most-closely related to the transposase 
IS116/IS110/IS902 family protein of Sinorhizobium medicae WSM419 (99% 
similarity) (Figure 6-10, Table 6-4). 
6.3.4 Salt tolerance of E. coli transconjugants with transposase and permease 
sequences 
At all NaCl salinities, O.D. values were not significantly different between control 
and transconjugants in all treatments (Table 6-5, Figure 6-11). All cloned colonies, 
including the Puc control, grew in liquid LB medium up to 5% NaCl.  
6.3.5 Salt tolerance of mated non-salt-tolerant rhizobia (containing transposase 
or permease sequences) 
Strains NN1-1 and NN2-6 with plasmid transposase were able to survive up to 3 % 
NaCl respectively, whereas strains NN1-2 and NN2-6, with permease sequence 
introduced, growed up to 3% NaCl as well. For transconjugants containing plasmids 
with transposase and permease, three out of four strains (NN1-1, NN1-2 and NN2-6) 
survived up to 3% NaCl (Table 6-6 and 6-7, Figure 6-12).  
6.4 Discussion 
6.4.1 Expression of transposase sequences 
The transposase sequences were constitutive in genomic DNA of salt-tolerant 
strains NN2-1 and DS2 and were translated into mRNA of NN2-1, DS2 and DN4-2 as 
described in chapter 5. In this chapter, the transposase sequence showed up-regulation 
in strains NN2-1 and RR1128 but not DS2. It was possibly because the transposase 
sequences were not expressed or activated in strains all the time.  
In strains NN2-1 and RR1128, it was proposed that the role of transposase 
sequences was activation or control of the expression neighbouring genes and so 
increased salt tolerance in these rhizobial strains. The significance of transposable  
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Figure 6-10. ClustalW alignment of Blastn results of cloned DNA sequences in E.coli 
transconjugant (transposase from NN2-1). 
 
 
 
 
174 
 
 
 
 
 
 
 
 
 
Table 6-4. The Blastn results of transposase PCR product of E. coli. 
 
PCR 
product 
Result 
 
Similarity 
Band 2 Transposase IS116/110/902 family protein from Sinorhizobium medicae 
WSM419 complete genome (CP00739.1) 
99% 
 Transposase IS116/110/902 family protein from Sinorhizobium medicae 
WSM419 plasmid pSMED01, complete genome (CP00738.1) 
99% 
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Table 6-5. O.D. values of E. coli trnasconjugants at 1% (A), 3% (B) and 5% (C) 
NaCl. 
 
  1% (NaCl)   3% (NaCl)   5% (NaCl)  
 Puc Transposase Permease Puc Transposase Permease Puc Transposase Permease 
0 h 0.06± 
0.01 
0.045± 
0.01 
0.089± 
0.039 
0.049±
0.007 
0.061± 
0.003 
0.033± 
0.006 
0.036± 
0.007 
0.022± 
0.006 
0.019± 
0.003 
1 h 0.12± 
0.02 
0.11± 
0.01 
0.089± 
0.01 
0.099± 
0.02 
0.086± 
0.01 
0.069± 
0.007 
0.11± 
0.006 
0.05± 
0.007 
0.07± 
0.004 
1.5 h 0.34± 
0.03 
0.31± 
0.04 
0.28± 
0.06 
0.24± 
0.03 
0.23± 
0.009 
0.24± 
0.01 
0.21± 
0.03 
0.19± 
0.007 
0.24± 
0.03 
2 h 0.46± 
0.01 
0.38± 
0.02 
0.43± 
0.03 
0.43± 
0.04 
0.32± 
0.01 
0.31± 
0.007 
0.34± 
0.04 
0.28± 
0.01 
0.30± 
0.01 
2.5 h 0.78± 
0.03 
0.71± 
0.004 
0.73± 
0.02 
0.70± 
0.01 
0.68± 
0.03 
0.62± 
0.03 
0.65± 
0.03 
0.68± 
0.05 
0.60± 
0.01 
3 h 1.20± 
0.01 
0.95± 
0.03 
0.92± 
0.01 
0.94± 
0.03 
0.90± 
0.02 
0.87± 
0.04 
0.93± 
0.01 
0.82± 
0.02 
0.88± 
0.01 
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(A)                               (B) 
 
                  (C) 
 
Figure 6-11. O.D. values of E. coli transconjugant at 1% (A), 3% (B) and 5% (C) 
NaCl. 
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Table 6-6. Growth of non-salt-tolerant rhizobia after conjugation for transposase and 
permease sequences. 
 
 
Strain 
% NaCl 
1 2 3 4 5 
Control  
(Beforeconjugation) 
     
NN1-1 + - - - - 
NN1-2 + + - - - 
DN2-1 ++ ++ - - - 
NN2-6 + - - - - 
Transposase      
NN1-1 ++ + + - - 
NN1-2 + + - - - 
DN2-1 ++ + - - - 
NN2-6 ++ + + - - 
Permease      
NN1-1 + + - - - 
NN1-2 + + + - - 
DN2-1 + + - - - 
NN2-6 + + + - - 
Both sequences      
NN1-1 + + + - - 
NN1-2 + + + - - 
DN2-1 ++ + - - - 
NN2-6 ++ + + - - 
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Figure 6-12. Non-salt-tolerant rhizobia mated with two sequences on YMA 
supplemented with 3% NaCl.  
 
 
elements is up-regulated expression by NaCl, suggesting that the transposase 
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sequences in this study were involved in salt tolerance in some sinorhizobial strains. 
Apart from being mobile elements and activating or controlling the expression of 
neighbouring genes, the transposase sequences are also associated with parts of 
catabolic pathways (Jacques and Chandler, 1998). The mechanisms of salt tolerance 
have been found mostly to be related to accumulation of osmolytes, which are also 
derived from many metabolic or catabolic pathways (Jacques and Chandler, 1998). As 
a result, although transposase sequences were either constitutively expressed or 
up-regulated by NaCl, they still played important roles in gene regulation, expression 
and metabolism in some sinorhizobial strains in this chapter. 
The transposase DNA sequences were also existed in genomic DNA and were 
expressed in mRNA in strain DS2, but there was no significant difference in the 
expression of transposase in DS2 when grown at 3% NaCl. The salt tolerance of 
rhizobia varies from species to species (Zahran 1999), and the mechanisms of salt 
tolerance are complex with many genes involved (Nogales et al., 2002). Therefore, in 
strain DS2, the role of transposase sequence may be involved in salt tolerance and, 
along with the functions of transposition, activation and catabolic pathways, facilitate 
the genes associated with salt tolerance mechanisms in some sinorhizobial strains.  
With all functions and mechanisms involved in sinorhizobia, the non-salt-tolerant 
recipients would increase their salt tolerance with the transfer of the transposase 
sequence on contribution of the expression, regulation and catabolic mechanisms to 
its neighbour genes.  
6.4.2 Expression of permease sequences 
The permease sequences were observed only in salt-tolerant but not 
non-salt-tolerant rhizobia and were expressed differently in genomic DNAs and 
cDNAs. Together with the lack of significant up-regulation in qPCR in NN2-1, 
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RR1128 and DS2 at 3% NaCl, this suggested that the permease sequence was 
constitutive in the salt-tolerant but not non-salt-tolerant rhizobial strains examined and 
was transcribed and expressed in the presence of NaCl. Coupled with more cDNA 
patterns at 3% NaCl than those at 0% NaCl, the expression of the permease sequences 
of transporting nutrients or osmolytes in rhizobia under 3% NaCl would increase as a 
result of more transcription of mRNA.  
The mechanisms of salt tolerance in rhizobia were mostly related to accumulation 
of osmolytes. In this chapter, although there was no difference between treatments 
with and without NaCl in qPCR and the sequences were constitutively expressed in 
tested rhizobial strains, the permease sequences identified in salt-tolerant rhizobia still 
played a role in the regulation and transport of solutes across membrane and hence 
contributed large accumulations of intracellular solutes involved in salt tolerance in 
tested strains equally with and without NaCl.  
It was also proposed that permease sequences involved in salt tolerance of rhizobia 
in chapters 2, 3 and 5 was being transporters for nutrients. For competition between 
rhizobia, the transport of nutrients including amino acids through membranes of cells 
(Hosie et al., 2002) in chapter 3 contributed to being more salt-tolerant and 
symbiotically effective in chapter 2 in that the rhizobia possessed more transporters to 
obtain acquired nutrients or osmolytes and to survive and maintain function in saline 
conditions.  
6.4.3 Cloning of two sequences into E. coli and salt tolerance of transconjugants 
  The restriction enzyme digestion and PCR amplification showed identical 
sequences as obtained in chapter 5, including both transposase and permease 
sequences. Therefore, it was confirmed that both sequences were successfully cloned 
into E. coli.  
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  The E. coli strains cloned with only sequence (transposase or permease) were all 
able to grow at up to 5% NaCl, as was the control Puc strains, and therefore this 
method could not distinguish any increase in salt tolerance in the E. coli 
transconjugants. This was not unexpected, given the high salt concentration in LB. 
6.4.4 Salt tolerance of mated non-salt-tolerant rhizobia 
By contrast, when the E. coli strains cloned with transposase and permease 
sequences were subsequently mated with non-salt-tolerant rhizobia and the 
sequence(s) transferred into those rhizobia, all treatments, including single sequences 
and both sequences, increased salt tolerance in some but not all tested 
non-salt-tolerant rhizobial strains. Two out of four strains containing either the 
transposase or the permease sequence increased their salt tolerance on YMA with 
NaCl up to 3% respectively. Furthermore, three out of four non-salt-tolerant rhizobial 
strains containing plasmids with both transposase and permease sequences had greater 
salt tolerance up to 3% NaCl, more than it was before matting with E. coli. Those 
results suggested that adding the transposase and permease sequences increased salt 
tolerance of the non-salt-tolerant rhizobia.  
Transposases are proposed to activate and control the expression of adjacent genes 
by their insertion, expression and translocation of sequences and this may explain the 
increase in salt tolerance of non-salt-tolerant rhizobia. Apart from these functions, one 
of the major mechanisms of transposases is the association with other genes to form 
parts of degradative or catabolic pathways (Jacques and Chandler, 1998). The 
accumulation of low-molecular-weight organic solutes, called osmolytes, has been 
identified as an important element in saline conditions in rhizobia (Measures 1975, 
Yancey et al., 1982, Le Rudulier et al., 1984, Boscari et al., 2002). Those osmolytes, 
which are used as nutrients and osmotic buffer in cells, are derived from mechanisms 
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associated with metabolism, catabolism and accumulation. Therefore, it is possible, 
combined with their up-regulation that these genes have interaction with the 
transposase sequences confer salt tolerance mechanisms from E. coli into some 
rhizobial strains in this chapter.  
The active accumulation of osmolytes is an ATP-driven process, and these 
transporters are called permeases, ATP binding cassettes (ABC) and traffic ATPases 
(Roland et al., 1993). These periplasmic solute-binding receptors are used to transport 
the osmolytes across membranes and are involved in this transporting mechanism in 
bacteria (Higgens 1992) and particularly in rhizobia (Walshaw et al., 1996, Hosie et 
al., 2002). The expression of the permease sequences in this chapter suggested that 
those functions above increased the accumulation of osmolytes and so increased the 
salt tolerance in some rhizobial strains with or without NaCl in this chapter.  
6.5 Conclusion 
The expression of both sequences demonstrated that the transposase sequences in 
strains NN2-1 and RR1128 were up-regulated when strains were challenged by 3% 
NaCl, but that of the transposase sequence in DS2 was not. By contrast, the permease 
sequences were constitutively expressed with and without 3% NaCl in all tested 
strains. There was no difference in salt tolerance between cloned E. coli 
transconjugants and Puc control strains in E. coli, suggesting this method could not 
increase salt tolerance in E. coli. Mating of E.coli transconjugants with 
non-salt-tolerant rhizobia transferred one or both sequences into non-salt-tolerant 
rhizobia and was able enhanced the salt tolerance of these rhizobial strains on YMA 
supplemented with NaCl. It is concluded that both sequences were involved in salt 
tolerance in some rhizobia, in which the transposase sequence played the role of 
facilitating other genes and the permease sequence functioned to control an osmolyte 
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pump for accumulation of osmolytes and maintaining the osmotic pressure across the 
memebrane in sinorhizobia.  
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Chapter 7  Summary and future work 
7.1 Summary  
Soils in Australia are extremely nitrogen-deficient and contain large amounts of 
salts. Extensive areas of crop and pasture species are not salt-tolerant and are injured 
by accumulated salt concentrations in soils. Legume plants are often a major part of 
native or agriculture ecosystems, which reflect the advantages of symbiotic nitrogen 
fixation to provide large amounts of proteins for humans and animals and to increase 
nitrogen in low fertility soils (Allen and Allen 1981). Rhizobia, the soil-borne bacteria, 
form nodules with legume roots and convert di-nitrogen (N2) into ammonia (NH3) for 
use by legume plants. Salinity limits legume productivity by ionic and osmotic effects 
and both competitiveness and effectiveness of rhizobia vary with salinity in soils. 
With the increase of salinity in Australia, salt tolerance of rhizobia in salinised and 
nitrogen-deficient soils is crucial to legume plants. The major targets of this thesis 
were to acquire salt-tolerant rhizobia with high symbiotic effectiveness and 
competitiveness, and to investigate genes involved in salt tolerance in salt-tolerant 
rhizobia.  
Chapter 1 reviewed the salinity problem in Australia, and the symbiosis between 
rhizobia and legume plants, the reason why rhizobia play a critical role in biological 
nitrogen fixation for legume plants to survive and improve nitrogen deficiency in 
salinised soils, and having legume plants inoculated with salt-tolerant rhizobia as a 
feasible way to improve their performance in saline soils. A description of known salt 
tolerance mechanisms in rhizobia provided a lead to understand how the rhizobia 
function to resist a hyper osmotic environment and to outline the topics for research in 
these areas in next chapters. 
In chapter 2, trapping and nodule isolation methods were used to collect 
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salt-tolerant rhizobia from soils. The MPN method for trapping rhizobia from soils, 
showed the maximum detectable number was 1.82 g-1 soil, suggesting relatively low 
population of rhizobia. Gunnamatta and Glenthompson were moderately salinised 
(EC = 4-8 ds/m) soils (EC = 3.78±1.59 and 4.02±1.38 respectively) with pH values 
over 8 except soil from Balwyn north (slight to moderate saline with EC = 
2.92±0.384). Ten salt-tolerant rhizobia (to 3% NaCl) were inoculated on lucerne 
SARDI 7 to test their symbiotic effectiveness. The symbiotic effectiveness and 
nodulation of several strains were as great as commercial strain RR1128 even when 
growing at 1-2 % NaCl salinities, among which strain NN2-1 from neutral soil 
produced greatest symbiotic effectiveness over a range of NaCl concentrations even 
when compared with commercial strain RR1128. It was selected as one of the most 
salt-tolerant and effective strains for the next study. 
In soil environments, competitiveness among introduced and indigenous rhizobial 
strains and symbiotic effectiveness were proposed to be independent, especially with 
salinity. Symbiotically effective rhizobia to soils were obtained and already inoculated 
on lucerne in chapter 2. In reality, these strains have to be at least as competitive as 
commercial strain RR1128 as NaCl concentration increases. Therefore in chapter 3, 
the approach of Wilson et al. (1999) (the insertion of GUS gene into selected rhizobia 
isolates) was applied to assess the competitiveness of strains NN2-1 and RR1128 on 
lucerne in a series of NaCl concentrations. The effect of inserting this gene in both 
NN2-1 and RR1128 was that it occupied only 40% of nodules over all NaCl 
concentrations. Despite this, nodule occupancy of the NN2-1 transconjugant was still 
60% greater than that of the commercial inoculant RR1128 at all NaCl concentrations, 
suggesting that NN2-1 was more competitive than RR1128. This was confirmed, with 
the nature strain of NN2-1 also had 60% nodule occupancy. All strains were equally 
symbiotically effective as judged by plant dry weights, nodule numbers and nitrogen 
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content for plans. Therefore, those results indicated that the salt-tolerant strain NN2-1 
was more competitive than the commercial inoculant RR1128.  
  In chapter 4, to investigate the genes involved in salt tolerance, RAPD profiles with 
random primers were used to differentiate the DNA patterns between salt-tolerant and 
non-salt-tolerant rhizobia. The RAPD profiles produced different, similar or even no 
DNA patterns of both types of rhizobial strains, therefore, it is difficult to discriminate 
the DNA by means of RAPD profiles. It was concluded that genes involved or related 
to salt tolerance possibly constituted in genomic DNA of both types of rhizobia. The 
possible rules of those genes depended on whether or not they were activated and 
expressed by other genes or mechanisms. It was also found that the three sets of 
primers were not able to differentiate any consistent differences between salt-tolerant 
and non-salt-tolerant rhizobia, but may be useful for their diversity.  
Chapter 5 continued the investigation of genes involved in salt tolerance of rhizobia. 
Four salt-tolerant rhizobial strains (NN2-1, RR1129, DS2 and DN4-2) and four 
non-salt-tolerant rhizoiba (DN1-1, DN1-2, DN2-1 and NN2-6) were tested to find 
genetic elements involved in salt tolerance. Since the random primers were unable to 
differentiate the DNA patterns, degenerate primers were designed based on regions of 
salt tolerance genes (bet and ndv genes) from S. meliloti, R. leguminosarum and R. etli. 
PCR results showed a sharp 500 bp amplicon in strains NN2-1 and DS2 and a 450 bp 
amplicon in RR1128 were identified in salt-tolerant but not in non-salt-tolerant 
rhizobial strains. These DNA fragments were sequenced and matched sequences in 
Genbank as follows: sequences from strain NN2-1 and DS2 were 73% and 77% (500 
bp sequences from both strains) similar to a transposase IS116/110/902 family protein 
of S. medicae WSM419 and the 450 bp sequence in strain RR1128 was 95% similar to 
a putative ATP-dependent helicase from S. meliloti 1021. Based on these sequences 
from Genbank and the sequences obtained from these strains, specific primers were 
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designed to amplify the DNA regions more precisely. Genomic DNA PCR products 
with specific primers amplified a 900 bp sequence in NN2-1 and DS2 respectively, 
and a 450 bp sequence in RR1128. The 900 bp amplicons showed high similarities of 
99% and 98% to transposase sequences IS116/110/902 family protein of S. medicae 
WSM419 for strains NN2-1 and DS2 respectively, and the 450 bp sequence for strain 
RR1128 had 93% similarity to a permease sequence from R. etli.  
To examine the effect of NaCl on transcription of these sequences, the mRNA of 
four salt-tolerant rhizobia were extracted and converted to cDNA. The transposase 
primers produced similar 900 bp of PCR products as obtained in genomic DNA for 
tested strains. Blastn results of sequences showed 99%, 99% and 98% identities to a 
transposase of S. medicae WSM419 in cDNA of strains NN2-1, DS2 and DN4-2 
respectively at 3% NaCl, whereas a 450 bp cDNA fragment was found in strain 
RR1128 with 93% identity to a putative ABC transporter permease from R. etli CFN 
42 at 3% NaCl. It was proposed that both sequences were associated with the salt 
tolerance of tested rhizobia since these two sequences were only found in salt-tolerant 
rhizobial strains, and may play an roles in symbiotic effectiveness and 
competitiveness in chapter 2 and 3 because of the activation and control of expression 
of adjacent genes and being part of catabolic pathways of nutrients and osmolytes 
from transposase sequences; furthermore, they may be involved in the periplasmic 
transport of more nutrients and osmolytes across the membrane for salt-tolerant 
rhizobial strains than non-salt-tolerant strains and so help them to resist hyper osmotic 
stress.  
To fully investigate the expression in rhizobial strains, in chapter 6 qPCR was used 
as a quantification method for both sequences. The transposase sequences in strains 
NN2-1 and RR1128 were up-regulated by factors of 6.45 and 3.73 respectively, but 
not in strain DS2, suggesting different possible roles of activation, regulation and 
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involved in catabolic mechanisms with NaCl, whereas the permease sequences were 
confirmed to be constitutively expressed in all tested strains with and without NaCl 
for the transport of nutrients and osmolytes across the membrane in salt-tolerant 
rhizobial strains to balance the hyper osmotic stress.  
The DNA sequences of the transposase and permease from strains NN2-1 and 
RR1128 were further amplified and cloned into E. coli, but there was no difference 
between cloned E. coli and control Puc transconjugants up to 5% NaCl. The E. coli 
transconjugants with single or both sequences were mated with non-salt-tolerant 
rhizobia to transfer one or both sequences into those rhizobial strains. The 
non-salt-tolerant recipients of rhizobia with plasmids containing either single or both 
sequences increased their salt tolerance up to 3% NaCl, suggesting that these small 
sequences were able to increase salt tolerance for non-salt-tolerant rhizobia. 
 In summary, the major achievements from experiments conducted in this thesis 
were:  
1. Effective salt-tolerant rhizobia for lucerne were isolated in Victoria, their salt 
tolerance was up to 5% NaCl (approximately 0.85 M NaCl), and the symbiotic 
effectiveness of strain NN2-1 was as great as that of the commercial inoculant 
RR1128 at a series of NaCl concentrations. 
 
2. Strain NN2-1 was more competitive than the commercial inoculant RR1128 when 
tested using the gusA gene to trace nodule occupancy, and maintained symbiotic 
effectiveness. 
 
3. Small DNA sequences of a transposase and a permease from sinorhizobia were 
proposed as possibly involved and responsible for salt tolerance in these 
salt-tolerant rhizobia. The transposase sequence was firstly proposed to control 
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expression of other genes related to salt tolerance in rhizobia, while the permease 
sequence was proposed to have an important role in transporting nutrients and 
osmolytes to resist the hyper osmotic stress and to increase the effectiveness and 
competitiveness of salt-tolerant rhizobial strains. 
7.2 Future work 
  This research has provided some salt-tolerant rhizobial strains for lucerne and 
proposed the possible roles of transposase and permease sequences in salt tolerance of 
rhizobia. These lead to more questions on salt tolerance of rhizobia as complex 
regulation is involved. Future work should focus on how these small DNA sequences 
contribute to salt tolerance in these sinorhizobia strains, and the interaction and 
expression with other genes investigated.  
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